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PREFACE. 



Whs> tin oourae of four Lectures on the subject of Poly- 
phase Currents, deliTered by the author at the Technical 
College, Fmsbury, in the autumn of 1894, waa completed, 
TepresentationB were made by persons who had attended the 
Lectures, and by others, to induce him to publish them in 
permanent form. 

In preparing the lectures for the press a good deal of 
matter has been added. So attempt has been made either to 
preserve the ooUoquial form of the discourses or to give to 
them any pretence to literary style. They are put together 
in their present shape for the use of students and engineers, 
and introductory matter has been added to make the rela- 
tions of polyphase currents to ordinary single-phase cuirents 
more clear. In all this work the author has been aided by 
Mr. Miles Walker, whose assistance is willingly acknowledged, 
iand on whom the task of redncing to written form much of 
the work baa devolved. The graphic method of treating 
monophase motors, on pp. 165 to 169, is due to Mr. Walker. 

The author is also indebted to various firms and designers 
for valuable information afforded as to recent progress and 
modem types of machine, and he desires to express his thanks 
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vi Polyphase Electric Currents. 

to tha follo-<ring : the AUgemeiue Elektricitats-GeselUobaft, 
of Berlin ; the Helios Company, of Cologne; the Elektrioitats- 
Aktieugesellschaft (Messrs. Sohuokert & Co.), of Kumberg; 
the Oerlikon Mascbinen-Fabrik (uid to Mr. Emil Eolbeo) of 
Zurich ; and most of all to Brovn, Boveri & Co. (and to 
Mr. C. E. L. Brown), of Baden, Switzerland. 

A full Bibliography of the subject of Polyphase Cunents 
and Induction Motois has been appended at the end of tlie 
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POLYPHASE 

ELECTEIO CURRENTS AND ALTERNATB- 
CURRENT MOTORS. 



CHAPTER h 
POLYPHASE GENERATORS. 

INTRODUCTORY REMARKS. 

"So apology is needed for devoting special attention at the , 
present time to the uubject of polyphase electric currents. 
There seems to he no doubt that in the problem of the electric 
transmission of power a very important part will, in the 
future, be played by alternating currents combined in systems 
of two or three different phases. Already a number of 
examples exist ; and some very large works are now in course 
of construction. The undoubted advantages possessed by 
polyphase systems over either (a) continuous current systems, 
or (6) ordinary single-phase alternate currents, for the special 
service of power transmission, are beyond question ; but it 
remains to be seen how far the complications thereby inevi- 
tably introduced are, in practice, sufficiently great to militate 
against polyphase distribution for the purpose of general 
electric lighting supplies. 

The comparative novelty of polyphase methods, and the 
circumstance that the greater part of that which has already 
been achieved has been done in foreign countries, are reasons 
why the topic should receive some attention from English 
engineers. 
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2 Polyphase Electric Currents, 

In these pages the Bubject will be dealt with under the 
following subdivisions : — Generators for Polyphase Currents ; 
the Properties of tiie Rotatory Magnetic Field, with some 
account of its historical development ; the Theory, Coustruo- 
tdon and Performance of Polyphase Motors ; the Theory and 
G>nstruction of Motors operated by ordinary single-phase 
Alternate Currents ; together with some account of Polyphase 
Transfonners, and of the measurement of power in polyphase 
systems. 

ALTERNATE CURRENTS. 

It will he assumed at the outset that we are already 

acquainted with the general principles of alternate-currents, 

and with the general features* of altematoi-s or altemato- 

current generators. 

Nevertheless, a recapitulation of the main points about 
alternate currents may be useful as a preliminary. 

Faraday's discovery of the induction of currents in wires 
by moving them across a magnetic field, so as to cut the 
magnetic lines, suggested 
■ tlie construction of mag- 
- neto-electric machines to 
generate currents by 
mechanical power. If a 
coil of suitable form is 
placed, as in Fig. 1, be- 
tween the poles of a 
magnet, and spun around 
a longitudinal axis, it will 
have currents generated 
Ro. 1.— SniPia ALTERNATB-crmKrar in it which at each semi 
Gbnkeatoe (Sdtolb-psask). revolution die away and 

then reverse. In the 
figure the coil of wire is supposed to be so spun that the 
apper portion comes towards the observer. In that case, the 

1 For a simple outline of the subject lee Chapters IX. and X. of the IBM 
edition of the aatbor'i Elementary Leatont in Electrtcltj/ and ItagnetUmf 
or, for a fuller account, consult the author's lai^er treatisa on DytuonO' 
electric Machinerj/- 
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. Polyphase Generators. 5 

arrows show the direction of the iaduced oorreuts delivered 
to the eirouit through the agency of two contact rings (or 
slip-lings) ooiiaected I'espectively to the ends of the coils. In 
the position shown, the current will be delivered to the left- 
hand ring, and returns from the circuit to the right-hand ring ; 
but half a turn later it will be flowing to the right-hand ring- 
and returning fi-om the circuit back to tlie left-hand ring. 
Fig. 1 is, in fact, a primitive form of alternator, generating Et 
simple periodically reversed or alternating current; and is, in 
fact, the kind of alternator known as a " magneto-ringer, "^ 
used for bell service in telephone sets. In alternate cun-ent 
working, the current is rapidly reversed, rising and falling 
in a set of pnlses ; the electric currents being set oscillating 
forwards and backwards through the line and amuud the 
circuit with great rapidity — scores or liundi'eds of times a 
second — under the influence of a rapidly i^eversing electro- 
motive force. As is well known, the properties of alternate 
currents differ somewhat from those of continuous cnri'ents. 
They are affected not only by the resistance of the circuit, but 
also by its electro-magnetic inertia or self-induction (in other 
words, by the magnetic field which it sets up around itself), 
the inductance of the circuit having a choking effect on the 
alternate currents, diminishing their amplitude, retarding 
their phase, and smoothing down their ripples. 

In Fig. 1 the revolving armature was a simple coil, and 
the magnet of simple 2-pole horee-«lioe foiin. But for reasons 
mentioned later, the majority of alternate-current genei-atore 
are multipolar. Fig. 2 illustrates a f requeiit form introduced 
by the Westinghouse Company, having a multipolar field- 
mt^net consisting of a number of radial poles pointing 
inwards, whilst the revolving coils are grouped upon the 
periphery of a drum or cylinder built up of iron core-disks. 

In order to study the combinations of wires, we must 
. devote a moment to the directions of the currents induced in 
them. 

Consider first Fig. 3, which is a partial sketch of a 4-pole 
machine laid on its sides. The core, to i-eceive hereafter its 
appropriate winding, lies between four poles of altei-nata 
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4 Polyphase Electric Currents. 

polarity. If a copper rod ah& placed parallel to the axis 
to represent one of the armature conductors, and is supposed 
to move along the gap-space right-handedly past the S pole, 
it will out the m^netio lines entering that pole. By the 



Fia. 3.— The Westinohodse Co.'b Alternator (.Sinole-phasei. 

rule given below, the induced electromotive-force in it will 
be upwards. AnoUier conductor e d passing the N pole will 
have induced in it a downward electrnmotive force. If one 
waa to attempt in a picture such as this to show twenty or 
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more conductors and their respective connections, the drawing 
would be unintelligible. Accordingly we have to imagine 
ourselves placed at the centre, and the panorama of the four 
poles around us to be then laid out flat, as in Fig. 4. It will 
be noticed that the faces of the N and S poles are shaded 
obliquely for distinction. 

The oblique lines are used for the- following purpose. If 
instead of the line a h (representing a conductor), a narrow 
slit in a piece of paper were laid 

over the drawing of the pole-face, , 

and moved as the dotted arrows 

show towards the right, the slit in 

passing over the oblique lines will 

cause an apparent motion in the 

direction in which the current 

tends in reality to flow. It is easy 

to remember which way the oblique 

lines must slope; for those on a piQ. 8.-8ketch op Rwj*. 

noi-th pole-face slope parallel to fole Field. 

the oblique bar of the letter N. 

Now in an actual machine there are many armature con- 
ductors spaced syrameti'ically around, and these have to be 
grouped together by connecting wires, or pieces. In the case 




Fio. 4.— Four-pole Field developed Flat. 
of ring-wound armatures the connecting conductor goes 
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6 Polyphase Electric Currents. 

through the interior of the ring-core, thus oonstitutiog a tipirA 
ut'ndtNjr* Wben we go mi to those auee in which the windiog 
is entirely exterior to the core, us for dram armstuies and disk 
armatures, we find that there are two distinct modes of pn^ 
cednre, which we may leepectiyely denote as lap-windinff and 
xave^ndin^. The distinction aiises in the following niiuiner. 
Since the oondnctors that are pasaing a north pole generate 
electromotive forces in one direction, and those that ore 
passing a south pole generate electromotive forces in the 
opposite direction, it is clear that a conductor in one of these 
groups ought to be conueoted to one in a neaily corre- 




Fio Q ->ALTEBNATE-ccaRSNT UAcmNE 'WATE-wnn>nn3 

iqKmding position in the other group, so that the current may 
flow down one and up the other m agreement with the direo- 
tions of the electi-omotive forces. So after having passed 
down opposite a north pole tace, the conductor may be con- 
nected to one that passes up opposite a south pole face, and 
the winding evidently may be arranged either to lap back, or 
to zigzag forward. 

This distinction between lap-windings and wave-windings 
as applied to alternate current machines, is illustrated in 
Figs. 5 and 6. Fig. 5 represents an 8-pole alternator with 
lap>winding, each " element " or set of loops extending across 
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the same bieadth aa the " pitch " or distance from centre to> 
centre of two adjacent poles. Onlj 24 conductorB have been 
drawn ; and it will be noticed that the successive loops an 
alternately right-handed and left-handed. In Fig. 6 is shown 
the same alternator with a wave-winding. The electromotive 
force of the two machines would be precisely the same ; the 
choice between the two methods of connecting is here purely 
a question of mechanical convenience in construction and cost. 
In cases where the armature revolves, the beginning and end. 
of the winding are connected to two slip-rings, which in the8» 
developed drawings are represented by two parallel lines. 

Ketuming to the simple revolving coil represented in 
Fig. 1, we have seen above how the coil, by cutting the linea 
of the mi^netio field, sets up periodic electromotive forces, 
which change at every half-turn, giving rise to alternate 
currents. In each whole revolution there will be an electro- 
motive force which rises to a maximum and then dies away, 
followed immediately by a reversed electromotive force, 
which also grows to a maximum and then dies away. 
The wave-form depicted in Fig. 7 serves to illustrate this. 




Tto. T.— CUBVB OF IRDUCXD ELECTBOMOTTVE FOBCE n AN ObP&IABT OB 
BiNOLE-PHASE ALTERHATOB, 

Hie heights of the curve above the horizontal line represent 
the momentary values of the electromotive forces : the depths 
below, in the second half of the curve, represent the inverse 
electromotive forces tiiat succeed them. Each such complete 
Bet of operations is called a period, and tlie number of 



ibyGoogle 



8 ■ Polyphase Electric Currents. 

periodB acoooiplislied in a second is called the frequtAcy oi 
periodieUy of tbe altemationa, and is symbolized hj the 
letter n. In 2-pole machines n is the same aa the number 
of revolutioas per second; but in multipolar machines n is, 
greater, ia proportion to the number of pairs of poles. 
Thus, in an 8-poIe field with 4 north poles and 4 south 
poles around a centre there will be produced 4 complete 
periods in one revolution. If the raachine revolves 15 times 
a second (or 900 times a minute) there will be 60 periods a 
second, or the periodicity will be 60. By revolving in a 
aniform field the electromotive forces set up are proportional 
to the sine of the angle through which the coil has turned 
from the position in which it lay across the field. If in this 
position the fltix of magnetic lines through it were Ni t^nd 
the number of spirals in the coil that enclose the N ^irieA be 
Galled S, then it can be shown that the value of the induced 
electromotive force at any time { when the coil has turned 
through angle fl = 2 ^ « ( will be 

Eo = 2 T n S N sin " -^ 108, 
or, writing D for 2 it n S ^ / 10*, we have 
Ei) = D sin e. 
In actual machines the magnetic fields are not uniform, 
nor the coils simple loops, so the periodic rise and fall of the 
electromotive forces will not necessarily follow a simple sine 
law. The form of the impressed waves will depend on the 
shape of the polar faces, and on the form and bi-eadtli of the coils. 
But in most cases we are sufficiently justified in assuming 
that the impressed electromotive force follows a sine law, so 
that the value at any instant may be expressed in the above 
form, where D is the maximum value or amplitude attained 
by E, and an angle of phase upon an imaginary circle of 
reference. Consider a point P revolving clockwise round a 
circle (Fig. 8). If the radius of this circle be taken as unity, 
P M will be tbe sine of the angle 0, as measured from 0°. Let 
the circle be divided into any number of equal angles, and let 
the sines be drawn similarly for each. Then let these sines 
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be plotted out at equal distances apart along the horizontal 
line, as in Fig. 8, giving ub the sine curve. 

In Fig. 8 one revolution of P around the circle of reference 
corresponds to one complete alternation or cycle of changes. 
The value of the eleotromotive force (which varies between 




+ D and - D as its maximnm values) may be represented 
at any moment either by the sine P M or by projecting P on 
to the vertical diameter, giving O Q. As P revolves, the 
point Q will oscillate along the diameter. 

The currents which result from these periodic or alter- 
nating electromotive forces are also periodic and alternating ; 
they increase to a maximum, 
then die away and reverse in 
direction, increase, die away, 
and then reverse back again. 
If the electromotive force 
completes 100 such cycles or 
reversals in a second, so also ' 
will the current. 

There is yet another way 
of representing periodic varia- 
tions of this kind — namely, by 
a digram akin to that used 
by Zenner for valve-gears. p,Q g 

Let the outer circle (Fig. 9) 

be, as before, a circle of reference aronnd which P revolves. 
Upon each of the vertical ladii describe a circle. Then the 
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lengths such as O Q, cut off from the radii, represent the 
-corresponding values of the sine of the angle. If a card irith 
■A narrow slit cut radially in it were made to revolve ov«r this 
figure, the intersection with the two inner circles would show 
the varying electromotive forces in various positions. 

The reader who desires to pursue the graphic study of 
these matters further should consult the excellent treatise of 
Prof. Fleming,^ or that of Mr. Blakesley,' and sundry papers 
by Mr. Kapp.* 

An application of this construction to a S-phase system is 
-shown in Fig. 10, where the three lines 120" from one another 
are supposed to revolve behind the two 
circular openings. The lengths of the 
three lines visible at any instant represent 
respectively the values of the 8 electro- 
motive forces of the 8 currents. 

The ordinary measuring instruments 
for alternate currents, such as eleotro- 
dynamometers, Cardew voltmeters and 
electrostatic voltmeters, do not measure 
Fig. 10. the arithmetical average values of the 

amperes or volts. The readings of these 
instruments, if first calibrated by the use o£ continuous currents, 
-are the square roots of the means of the squares of the valuer 
They measure what are called virtual amperes or virtual valtf- 
The mean which they read (if we assume the currents and vol- 
tages to follow the sine law of variation) is equal to 0-707 of 
the maximam values, for the average of the squares of the sine 
taken over either 1 quadrant or a whole circle is i ; hence 
the square-root-of-mean-square value is equal to l-»- fl! timen 
their maximum value. If a voltmeter is placed on an alter- 
nating circuit in which the volts are oeciQatiug between 
maxima of + 100 and — 100 volts, it will read 70-7 volts j 
^«nd 70-7 volts continuously applied would be required to pro 

> Fleming, 77k« AUemate Current TVan^ormer, London, ISSQl 

> Blakesley, Attemating Currentt iff EleetrUsUjt, London, 188IL 
* Eapp on * Alternata Cmrent Machlneij,' Proe. Inst, ClvU ~ 

jsae^ pt. in. 
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dace an equal reading. If an alternate-current ampere metei 
reads 100 amperes, that means that the current really rises to 
+ 141*4 amperes and then reveisea to - 141*4 amperes \ 
but the effect is equal to that of 100 oontinuoua nmperes ] 
and therefore such acurrentwould be describedas 100 virtual 



Alternating currents do not always keep step with the alter> 
nii4dngvolt8iiDpre83ed upon the circuit. If there is inductance 
in the circuit the currents will lag; if there is capacity in the 
circuit they will lead in phase. Fig. 11 illustrates the lag 
produced by inductance. The curve sparked Y represents the 
alternating voltB ; that marked C is the current curve. Dia- 
taoces measured from O along the horizontal line represent 
time. The impulses of current, represented by the blacker 




V..*' 

Fia. 11.— CuEVE OF CuKSENT LA.aoiiio BEHIND Curve of Vom& 

line, occur a little later than those of the volts. But in- 
ductance has another effect of more importance than any 
retardation of phase; it produces reactions on the electro* 
motive force, choking the current down. While the current 
' is increasing in strength the reactive effect of inductance 
tends to prevent it rising. To produce a current of 40 am> 
peres in a resistance of li ohms would require — for 
continooQs currents — an E.M.F. of 60 volts. But an 
alternating voltage of 60 volts will not be enough if there 
is indnotance in the circuit resctdng against the volt^e. 
ITie matter is complicated by the circumstance that the 
reactive impulses of electromotive force are also out of stept 
they are, in feet, exactly a qoarter period behind the current. 
If an alternate current of G (virtual) amperes is flowing with 
a frequency of » cycles per second through acirouitof indu^ 
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once L, the reactive electromotive force ^ will be 2 ' n L C 
(Tirtual) volte. If, for example, L = 0'002 henry, n = 50 
periods per second, nnd C ^ 40 amperes, the reactive eleo 
tiomotive force will be 25-1 volte. Now, if we wish to drive 
the 40 (virtual) amperes not oulj through the resistance of 
1} ohms but against this reaction, we shall require more than 
60 volta. fiut we shall not require 60 + 25-1 volts, since the 
iBBction is out of step with the current. Ohm's law is no 
longer adequate. To find out wliat volte will be needed we 
have recourse to geometry. 



y 


K 


^ 


O ^* 


X. 


/ /* 



Plot out (Fig. 12) the wave-form O A & d, to correspond to 
file volta necessary to drive the current through the resistance 
if then were no inductance. The ordinate a A may be taken 
to scald 88 60. This we may call the current curve. Then 

1 This li c»lcnlBt«d u follom. By definition, L, the coefficient of MtC-tai- 
dnctlon, or inductance, representi the ainoant of w]f-«ncloilng of nuglnHn 
Hum by the drcull when the current hu unit vtilne ; hence irben cnmnt 
luu vkiueC the >ctuftl »e]f-IndttctIonliCtIme« L, And, m theeelf-Indnoed 
dectromotive-force is proportional to the mte of chuiEQ of this qD«lltr> we 
may write B — L . il / d !■ Now C ii aumned to he a ilin fonction of 
the tJme having inatantaneona valoa OgBln^rnl; where Cq la the maximum 
valne of C. Differentiating this with respect to time we get dC/dt~2irn 
OeOO«3irnt. The "virtual" vaines of coeiueand atne beingeqna] we have 
for E the value 2 * n L C, but differing liy ^ period from tike current In 
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plot out the curve marked — ^ L C to repreaent the Tolts 
needed to balance the reaction of the inductance. Here p is 
written for 2 »«, The ordinate at O is 25-1 : and the oorve 
is shifted back one-quarter of the period: for whea the current 
is increasing at its greatest rate, as at O, the self-induotiTe 
action is greatest. Then compound these two carves by 
adding their ordtnates, and we get the dotted curve, with its 
naximam at V. This is the curve of the volts that must be 
impressed on the circuit in order to produce the current. It 
will be seen that the current curve attains its mitxitnum a 
little after the voltJ^ curve. The current lags in phase 
behind the volts. If O t2 is the time of one complete period, 
the length v a will represent the 
time that elapses between the 
maxima of volts and amperes. In 
Fig. 13 the same facts are repre- 
sented in a revolving diagram of 
the same sort as Fig. 9. The line 
O A represents the working volts 
R X C, whilst the line A D at 
right angles to O A represents the 
self-induced volts p L C. Com- 
pounding these as l^ the triangle 
of forces, we have as the impressed 
volts the line O D. The projec- 
tions of these three lines on a vertical line while the diagram 
revolves around the centre O give the instantaneous valuea 
of the three quantities. The angle A O D, or ?, by which 
the current lags behind the im^'^^^^^ volts, is termed the 
angle of lag. However great the inductance or the fre- 
quency, angle * can never be greater than 90°. If O A is 60 
and A D is 25-1. O D will be 65 volts. In symbols, the 
impressed volts will have to be such that E*^(R C)M-(^ L C)'. 
This gives us the equation :— 




C=- 



E 



The denominator which comes in hero is commonly called 
the impedance. 
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14 Polyphase Electric Currents. 

Id Figs. 14 and 15 tlie angle of lag is seen to be such that 
ton f =sf LC/RCor=sj>L/R. And it is evident that the 
effect of the iadnotance is to make the circuit act as if its 
resistonoei instead of being R, was increased to ^/R' +p* L • 
Id fact, the alternate current is governed, not by the resiataoM 




of the circuit, but by its impedance. At the same time, the 
current is lagging as if the angle of reference were not ' but 
#— ^, so that the equation for the instantaneous values of C, 
when E =3 D sin tf, is 

C — , D8in(fl-») 
^ i/R'+p'L'* 

This is Maxwell's law for periodic currents as retarded by 
inductance. As instruments take no account of phase but 
give virtual values, the simpler form preceding is usually 
sufficient 

The effect of capacity introduced into an alternate-current 
circuit, as by the introduction of a condenser, is to produce a 
Uad in the phase of tbe current. For when the Tolta are 




changing most quickly (as at O in Fig. 11} from negative to 
poeitlve, the current running into the condenser is greatest ; 
the maximum point of the current curve being thus ueai^ 



ibyGoogle 



Polyphase Generators. 15 

90° in advance of that of the curve of volts. The reaction. 
of a condenser, instead of tending to prolong the cuixentr 
tends to drive it back, and cause it to reverae its direction 
before Hub volts have revexsed. The reaotanoe is therefore- 
written tis— 1/^K, and the angle f will be such that 
tan C =— 1 / p K E. The impedance will be ^W^^\JfW, 
If both indactanoe and capacity are present, 
tan* = OL-l/^K)yR, 
the reactance will be 

and the impedance 

4/R'+(i>L~l/pK)«. 

Sinee capacity and inductance produce opposite effects, 
Uiey can be used to neutralize one another. They exactly 
balance if L = 1/^'K, In thnt case the circuit is non- 
inductive and the currents simply obey Ohm's law. 

It will be seen that if in a circuit there is little resistance- 
and much reactance, the current will depend almost exclu- 
sively on the reactance. For example, it p (= 2 wn) were, 
say, 1000 and L = 10 henries, while R was only 1 ohm, the 
resistance part of the impedance wotdd be negbgible, and the' 
law would become 

0=4. 

pL 
Self-induction coils with large inductance and small resistance ' 
are sometimes used to impede alternate currents, and are- 
ealled choking coils, or impedance eoils. 

If the omrent were led into a condenser of small capacity 
(Bay K^-^ micro&rad, then 1 fpK^ 10,000), the current, 
ninniug in and out of the condenser would be governed only 
1^ the capacity and frequency, and not by the resistance, and 
would have the value — 

The measnrenient' of alternate-current power needs careful 
ocHtsideration. If to measure the power supplied to a motor 
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or other part of an alternate current circuit, we measure 
separately with an amperemeter and voltmeter the amperes 
and voltu, and thea multiply together the readings, we obtain 
as Uie apparent ivatti a value often greatly in excess of the 
true wattB, owiug to the difference in phase, of which the 
instruments take no account. The true power (watt8) is in 
reality W = C V cos t, where C and V are the virtual values, 
and # the angle of lag. But tlie latter is usually an unknown 
quantity. Hence recourse must be liad to a suitable watt- 
meter ; the usual form being an electrodynamometer specially 
constructed so that the high-resistance circuit in it shall be 
non-inductive. 

Whenever tlie phase-difference (whether lag or lead) is 
very large, the current, being out of step with the volts, is 
almostwattleas. This is the case with currents Sowing through 
a choking-coil or into a condenser, if the resistances are 
small. 



POLYPHASE GENERATOBS. 

We are now in a position to consider the question of poly- 
phase generatore. Briefly, the principle of polyphase working 
consistii in providing the armature of the alternator with coils 
grouped in sets of two, three, or more, which come successively 
into action in each period. 

Up to this point it has been assumed that the field-niagneta 
of the alteiiLator are stationary, whilst tlie armature revolves. 
But this is not necessarily so. Indeed, in the majority of 
modem alternatoi-s, whetlier single-pliase or polyphase, the 
reverse arrangement is adopted. The field-magnets revolve, 
whilst the armature is fixed. The preference given to this 
arrangement arises flora tlie greater facility with which insu- 
lation of the windings can be insured if the armature is 
stationary ; and this becomes of great importance when, for the 
purpose of transmisijion to a distance, high voltages are used. 

Suppose, then, we consider a very simple case of a stationary 
armature — a ring with two coils wound upon it at opposite 
parts — and a revolving field-magnet of simple bipolar form. 
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Here in Fig. 18 two such elementary inachineB are repre- 
sented as connected by a couple of lines for a transnussioQ 
of power, one serving as generator, and requiringto be driven 
by a steam engine or turbine, the other running as a syn- 
chronous motor. As is well known, such a motor will not be 
self-starting. It must be started by hand or in some other 
way, and run up to speed before it is thrown into the circuit; 
and when so started, runs in absolute synchronism with the 
generator, its electromotive force being in almost exact op* 
position of phase. 



YV3. 18.— l^UHSmSSION FHOH a BDIFLE SraaLE-PHASE ALTZRKAnm 

TO A Rnwp i.g Synchbohous Motor. 

Some of the very earliest alternators — those of Loutin 
fuid Gramme, had revolving multipolar field-magnets with 
external stationary armatures. Gramme's alternators were 
built about 1877 for the purpose of supplying alternate 
currents for working Jablochkoff candles. The diagram. 
Fig. 19, of this machine shows that it had eight revolving 
poles, alternately north and south poles. The armatures, 
having a ring core of laminated iron, received the windings of 
copper wire in which the alternating currents were to be 
induced. Now it was found (as will be considered presently) 
that it was no use making the individual coils very broad. In 
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bet, the closer together the coils in any one group can be 
huddled bother, the more effective are they. Hence, in this 
machine had there been cnly eight narrow coils — one opposite 
■each pole — there would have heen much idle sj^ce on the 
machine. Gramme, therefore, filled up the idle space with 
other coils. The sections of tlie winding of this machine 
were, in fact, four times as numerous aa the poles, and might 
have heen coupled to feed four separate circuits. It is clear 
tlmt the revolving poles would come past the four adjacent 
sections successively, so that tlie four alternating curreats 




Fio, 19.— Qrahue Alternator. 



-generated would differ tnphage from one another. Gramme 
knew or discovered tliat it would not do to join all the coils 
together. He only joined together those that at any one 
instant were opposite tlie poles. So there were four sepai-ate 
circuits each consisting of eight coils joined up in series. And 
these four separate windings were led off to four entirely 
separate circuits, each supplying a number of Jablochkoff 
-candles witli current. Gramme's alternator was unquestion- 
ably a polyphase generator ; but there is not the slightest 
evidence that he at any time attempted to combine the 
•currents of separate phases for any useful purpose, or that he 
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knew that they could be so combined. On the contraiy, he 
always kept the oii'cuito separate because the several currents 
in them were not in phase with one another. 

The large two-phase alternatoit] at Paddington, designed 
by the late Mr. Goi-don, have been running ever since 1888. 
• In 1886 F. Wynne proposed a system of distributing cir- 
cuits, " the alternating currents in which are so ordered that 
while the mte of alternation is the same in all of them, the 
instant at which the alternation takes place is different." 

It may be remarked, in passing, that in every type of 
alternator there will be idle space between the groups of coils 
if they are wound for single-phase working. Returning to 




FtO. 20.— iLLOmtATION OF Two-PHASK TRAltSMlSaiOII. 

Fig, 18, we note that between the two coils on the ring there 
was idle space which might advantageously be filled up. 
Suppose, then, that beside the two coils A A' on each machine 
there are wound other two B B' between the former pair, and 
that these are connected through a new pair of lines h b and 
y 6', Fig. 20. It is clear that a second set of alternating 
currents will be set up in B B' which will be exactly a quarter- 
period in phase behind those in A A'. In fact, the two 
currents will be represented by the two waves of Fig. 21. 
The electromotive force in A will be greatest just when the 
pole of the m^^net is passing its middle, for at that instant 
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the rate of change in the magnetization of its core is a maxi- 
mum. And the maxima for the B coils will correspond to 
the zeros for the A coils and vice vend. Two alternate 
currents differing in this manner by a quarter period are said 
to be "in quadrature." The currents in the A coils of the 
motor, tending to drag forwai-d the pole of the field-m^net, 
will not have died down to zero before the currents in the 
B coils will have already begTin ; so that there is no dead- 
point. It is easy to see that in the motor there will be 
a regular displacement around the ring of the resultant 
poles. At the moment when the current in A A' is at a 
maximum that in B B' will be zero, and the magnetising 




Fia. 21. — Two Aj.Tsaxi.TR CuiuiKNTa diffehinb by a 

QUAKTER Periou. 

action of A A' will be to produce two double-poles in the ring 
at opposite ends of a diameter right under the middle of the 
B B' coils. As the current in A A' dies down that in B B' 
begins and increases, and therefore shifts the pole forward. 
When the currents in A A' and B B' have become equal, A 
and B will act together as one coil, while A' and B will act 
together as another coil, the resulting poles lying now between 
B and A' on the right and between B' and A on the left. When 
the B current is at its maximum thepoles will lie right under 
the middle of the A coils. A pair of travelling poles are 
therefore produced in the motor ring by the currants coming 
from the generator, and the magnet iu the motor is continually 
trying to catch up these travelling poles. There are no dead' 
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points. The motor will be self-starting if its magnet is not 
too powerful, and will run up in speed until synchronism is 
attained. This is, indeed, the great advantage of polyphase 
currents — they enable motoirs to be self-start-ing. But 
this is not by any means the sole advantage of polyphase 
generators. We see that they enable a machine to be made 
which by doubling merely the quantity of copper in the arma- 
ture will serve as a machine of double power.^ It will take 
twice as much horse-power to drive, and will give out twice 
as much horse-power. But it will not cost twice as much, 
nor will it take up any more space. It is worthy of remark, 
too, "that (Ae armature reactiont for a tuio-pha»e generator are 
no greater than tkote of the tame machine used at a single 
phase alternator. 



Fio. 22.— A Three-phase Generator. 

Suppose that, instead of using two separate groupings of 
coils we had used three, as indeed Gramme employed in some 
of his smaller machines. We should then have three currents 
in three separate successive phases. If these were grouped 
as in Fig. 22, we might join up the A coils together into one 
circuit (the coils being wound or connected alternately right- 
handedly and left-handedly) ; the B coils being similarly 
joined up into a secSond circuit, and the C coils being joined 
into a third. It is clear that in each set the electromotive- 
forees would rise and fall in i-egular succession, and that the 

1 H. Goerges : " The Comparative Output of the Contlnuoua, Alternating 
and Drelistrom Armature," Ele.klroteclmiaclie ZclUchrift, vol. xiii. p. 2.16. 
Herr von Dobrowolsky mentioned in the diaciisslon of tlie above paper, ft 
mnltipolar continuous^uirent machine which gave 11,000 watta ; the same 
Held magnet with a three-phase armature gave an output of 30,000 watts. 
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electromotive force lu B would not rise to its mazitnum until 
ftfter that in A had passed its maximum and waa falling. In 
fact, the differences of phase might be represented by the 
three curves of Fig. 23. Since the anguhir distance around 
the machines from one north pole to tite next north pole 
corresponds to one whole " period " (p. 7), or to one complete 
revolution o£ 360° on the imaginary circle of reference 
(Fig. 8), we see that tliese three currents will differ in pliase 
from one another by 60°. If we had a separate outgoing and 
return wire for each of the three circuits we should need no 
fewer tliau 6 lines from tiie machine to the (S-phase) motor 
which it supplied. But as will be seen, by adopting proper 




Fia. 33.— Thsee-fhase Ccbkents MFrBniHO 60° IN Phase. 

methods of grouping, this complication is unnecessary, the 
number of lines being capable of being reduced to four or to 
three. If an earth return were admissible, the number of 
actual line wires might even be reduced to two. 

Before we pass to the consideration of any modem poly- 
phase geiieiatoi-a we must devote a Uttle attention to the 
«ffect of breadth of the windings in the coils of the armature. 
Consider a multipolar revolving field-magnet such as Fig. 24, 
in which we will assume that the pole-pieces have been so 
shaped that the magnetic field in the gap-space between 
poles and armature cores is distributed in a manner so as 
to give a regular and smooth wave-form for the curve of 
•electromotive foroe induced in any conductor placed in the 
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gap. We will represent electromotive forces which act 
upwards, or towards the reader, by a dot, and tboes which 
act downwards, or from the reader, by a cross placed in 
the section of the conductor. Then, aa in Fig. 26, there will 
be induced electromotive forces acting upwards in those eonr 
ductora in front of which the south pole is moving to the 



right, and downwards in those which the north pole is passing. 
But these electromotive forces will not be equal at the same 
instant amongst themselves ; they will be greatest in those 
conductors which are most active — that is to say, in those 
which are passing through the strongest magnetic field. Each 
conductor will go through an equal cycle of inductive action, 
but it is clear that they come to their maximum one after the 




other. For convenience we will suppose this maximum to 
occur in each conductor as the middle of the pole passes it. 
Now suppose (as is usual in construction) that a number of 
these conductors are connected up, as in Fig. 26, to form a 
coil ; their electromotive forces will be added together. If a 
view is taken, as in Fig. 26, where we are supposed to 
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be looking back at the poles passing fi-om right to left, we 
Bhall undet^taitd this a little moi-e plainly. A moment later 
the nortli pole will come right behind the coil as in Fig. 27. 
This figure shows that there can be no advantage in having 
tlie inner windings of the coil much nearer together than the 
breadth of the pole^face, since at this instant their electro- 
motive-forces are opposing one another. There is some 
advantage in filling up the coil a little narrower than the actual 
pole-face because of the disposition of the m^netic field. 
But the actual eleetromotiTO-force generated by a coil of a 
given number of turns would be greater if they could be all 
of the same size, so that all should reach their maximum 
action at the same instant. 

This point may be further elucidated by the use of a 

clock-diagram. Suppose the maximum electromotive-force 

generated in one conductor to be re- 

»■ presented by the pointer O A in Fig, 

.-— j»c' ^' ^^^** ^^ projection of O A 

^^i^f^ upon the verticalline OP gives the 

*/^'' value of the electromotive-force at 

pS the instant when the angle A O P 

J corresjTOnda to the phase of the in- 

J duction that is going on in the 

period. Let there be two other con- 
a. 28. duetois situated a little further 

along, so tliat their electromotive- 
forces would be represented separately by O B and O C. We 
have to find what the effect will be of joining them all in 
Belies. By the rules for compounding vector qualities, wa 
shall find their resultant by drawing from A tlie line A B' 
equal and parallel to O B, and from B' the line B' C equal 
and parallel to O C. Then O C is the resultiuit ; and its 
projection O Q upon the vertical line gives tlie instantaneous 
value of the united electromotive-foi'ce of tlie three conduc- 
tors. Had they all been placed close up to one another at A 
without any difference of phase between them, the resultant 
would have been O A"', and this projected upon the vertical 
line gives O P'" as the instantaneous value. 



D,n,t,z9dbvGoOgle 



Polyphase Generators. 25 

A numerical way of considering the matter maybe useful. 
Suppose each conductor to generate an electromotire-fuice, 
the virtual value of which is 1 volt ; then if thiee such con- 
ductors are connected up in aeries their total electromotive- 
force cannot be 8 volts unless they lie so close together that 
they all receive their maximum values at the same time. Any 
spreading out of the coils mutt lower the value of the resultant 
elec tromoti ve-f orce . 

It is therefore worth while to calculate a breadth coeffi- 
cient for a coil of any particular angular breadth. Let the 
symbol t stand for the difference of phase between the centre 
of any coil and ite outermost conductor on either side. If tiie 
machine has a two-pole magnet the value of * is simply half 
the angular breadth (in radians) subtended by the coil. If the 
machine is multipolar, having p pail's of poles, then the angle 
V' of the phase difference will be equal to half the angular 
breadth (as measured on the machine) multiplied by f. Or, 
if the linear breadth of the coil measured along the circum- 
ference be called &, and the diameter of the machine is 
d, the angle 1^ of the phase difference corresponding to the 
half-breadth will be = hp -!- d. Now the average value of 
the virtual electromotive-force in all the conductors comprised 
within this breadth will be given by the formula 



^ J 



8/. dr; 



where e is the virtual value electromotive-foree in any one 
conductor and y is the angle of difference of phase between 
the E.M.F. in any conductor of the coil and the E.M.F. in the 
central conductor of the coil. If we call the part of this 
expression which depends on tC the breadth coefficient, and 
denote it by j, then performing the integration we have 
J = sin * -^ V'. 
In order to give some numerical values we may anticipate 
some of the constructions later shown. For instance, in a ring 
wound with four coils each covering one quadrant (as in soma 
2-phaBe motors, see Fig. 49), 

(fr = 45° = 0-785 radians ; } = 0-90. 



D,n,t,z9dbvGoOgle 



26 Polyphase Electric Currents. 

In tbe caae of a ring wound with three coils, each covering 
120" (Bee Fig. 54), 

* == 60" = 1-05 radians ; q = O-gS. 

Id tbe oue of a ling wound with six coils each corenng 60° 
(as in Fig. 57), 

* = 80° = 0-528 radians ; q = 0-95. 

As an example, coosideft' a multipolar two-phase generator, 
having armatare coodnctors carried through Iioles in tlie «ore 
disks, and having 12 equally spaced holes in tlie repeat 
from one N-^xile to the next N~pole. In this case six of 
the conductoiB belong to one phase, six to tlie other, szh] 
each group will coDsist of three up and three down. The 
three in a group occupy one-fourth tbe whole breadth, or are 
equivalent to 90° on the circle of reference : but ae the oon- 
tWtoTB are confined witliin boles, tlie vutnal angular distaooe 
between the two outer conductors of tbe three is 60°, and the 
half-distance 30° ; whence q = 0-95. 

Before leaving this question of the compoanding of two 

electromotive-forces that are in different phases with cme 

another we may note that tbe principle 

of vector eummation used above leads 

sl^^^^ to a very einiple result where two 

^Vy electromotive-forcea are concerned. 

K A Let O P i-epresent one of these electro- 

^* V njotive-foi-ces, O Q tlie other, the an- 

J j gular phase difference between them 

/ / being P O Q or ?■ Compounding 

/^ them in the usual way, by drawing 

P R equal and parallel to O Q we get 

, the resultant O R, which represents 

tbe magnitude and relative phase of 

the resultant electromotive-force. Here by ordinary geon»etry 

O R = v' 0"P"TO Qa + 2 O P-O'Q'^os*. This is obviously a 

maximum when the phase-difference is zero, 

^ Compare ThDinson and Talt' b Treatlte oaNaturtU PAiIoaopAv,Tol. I. £ 58. 
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MODERN POLYPHASE ALTERNATOBS. 

We are now prepared to examine some modem examples 
of polyphase machioea. 

First the three-phase geaeratore at Lauffen. These are 
driven by turbines in the river Neckar, and were erected in 
1891 for supplying current to the town of Heilbronn, six miles 
distant, They were, however, at first employed in the now 
famons historical tntDsmission of power from Lauffen to 
Frankfort, a distance of 110 miles, on the occasion of the 
Frankfort Exhibition. They were constructed by the Oerli- 
kon Co. of Ziirich from the designs of Mr. C. E. L. Brown ; 
and have revolving internal field-magnets with an external 
armature with zigzag arrangements of conductors passing 
through holes in the core-rings. Fig. 80 gives a general view, 
whilst Fig, SI shows the field-magnet after the armature has 
been slid away for inspection. The machine generates tliree 
currents, each of 1400 amperes, at a pressure of about 50 volts ; 
taking 800 horse-power when mnning at 150 revolutions per 
minute. The armature has an external diameter of 1894 cm. 
(nearly 6 feet) and an internal diameter of 176'4. The 
total thickness of core-rings, parallel to the shaft, is 88*0 cm. 
Around the inner periphery of the core-rings are 96 circular 
holes 83 mm. in diameteT,at distances of 60 mm. apart. Each 
of these holes is lined with a tube of asbestos, and through 
each passes a solid copper rod 29 mm. in diameter. The 
core-rings, built up of segmental stamping^, are assembled in 
a strong cast-iron frame. The winding, if such it can be 
called, is in three independent zigzags of 32 conductors each 
connected according to the following scheme : — 

Set A, 1, 4, T, 10 91, 94. 

Set B, 95, 92, 89, 86 5, 2. 

Set C, 93, 90, 87 3, 96. 

The ends of Nos. 94, 2, 96, are connected to a common 
junction J, while Nos. 1, 95, and 93 are severally brought out 
to three external terminals. This constitutes a star^winding 
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i^ 48) ; the connectionB of tbe circuite are sbown in Fig. 82, 
the general arrangements of the windings being illustrated in 
Pig. 88. 

The gap-space between the armature core-ring and the 
pole-faces of the field-magnet is 6 mm. This field^magnet 
has 82 poles. It is of great Bolidity and simplicity, having 
bat a single magnetic circnit. The exciting coil is wound in 



' no. SI. — FiEU>-iuoNET or Thbee-phabe Alternator at Lautfkh. 
a channel on the periphery of a sort of pulley of cast iron, 
to which are bolted two steel rims, each carrying 16 polar 
expansions or home. Each of the polar faces has an area of 
86 X 16 8q. cm. The channel is 18 cm. wide and 9 cm. deep. 
In it lie 496 windings of copper wire 6 mm. diameter. A 
section of this channel is given in Fig. 84 ; and Fig. 85 
illustrates the way in which the polar horns project inwardly, 
the N-poles between the S-poles over the exciting coil. This 
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Fio. 33.— Developed Diagkah est Wucdino of Three-phase 

Al.11SnAT0R. 



Tta. 8S.— Abrakozhent of Winiiihgs of Three-phase Altebnato& 
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amngemeiit reduces the cost of construction and of excitation 
to a minimum. In fact, on open circuit only 100 watts are 
spent on excitation — one-twentieth of one per cent, of the out- 
put ; and at full load, when the ai-matui'e reaction is a mtixi- 
mum, it is still far less than one per cent. This excitation is 
furniahed by a small separate dynamo. The exciting cuiTent 
\& conveyed to the rotating part by means of flexible metallic 
cords running over insulated pulleys, In lieu of the usual 
contact-rings and brushes. At full speed and normal voltage, 
the loss by friction and hysteresis is S600 watts, or under 



I'T per cent of the maximum output. The loss of resists 
ance of armature windings at full load is 8500 watts, making 
total loss about 4 per cent., and commercial efficiency over 95 
per cent. The heating is, in the total absence of eddy-currents, 
quite negligible. The weight is 4i tons. As there are sixteen 
pole-pairs, and the speed is 150 per minute, the frjqueney is 
40 periods per second. The electromotive-force generated 
in each of the thi'ee windings, as measured between tlie 
common junction J and the outer terminal, could be increased 
vp to &5 volts. 
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The following are some of the measurementB made on this 
machine by the official jury under Prof. H. F. Weber in 
1891 :— 



Hone- 
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The tests were not carried up to full load, but the jury 
remarked that, assuming the losses to increase in the same 
proportionality as indicated by the above figures, the effi-, 
ciency at the full load of 800 horse-power would be 95-4 
per cent. 

The method of construction adopted in the armature of 
this machine is worthy of note. To Mr. C. E. L. Brown 
belongs the credit of introducing the practice of embedding the 






conductors in boles piereed through the core disks. In nearly 
all polyphase machines, whether generators or motors, one 
finds, in fact, the conductors either threaded thus through holes 
or else imbedded in slots between deeply cut teeth. Toothed 
cores, as in Fig. 36, are now almost universal in American 
dynamos and motors ; but the pierced cores are distinctively 
Swiss. At the Oerlikon works circular holes are lai-gely used. 
Messrs. Brown, Boveri & Co., of Baden (Canton Aargau), 
sometimes employ circular perforations, but their standard 
style is, as in Fig 37, an oblong hole about 50 mm. long and 
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20 mm. wide, tiie insulating lining being a strong tube c^ 
corresponding eeotion made of a preparation of paper. 

There are several advantages accruing from the bedding 
of the conductors in Iron. The mechanical construction is 
improved, for ihe coiiductora are securely held and diiven 
without the need of any binding wiie. Centrifugal force does 
not displace them, and the cleai-ance between the revolving 
and the stationary parts may be greatly reduced, thereby 
economizing exciting power. But more important than these 



Fio. 88,— Polyphase Generator of the Oebukon Co. 
are two other advantages. There are no useless eddy-currents 
generated in conductors so bedded in iron, so they need not 
be laminated or stranded, but may be made of solid copper 
rods. Also there is no tangential di-ag of the magnetic field 
upon eonductora so bedded : the drag comes on the iron 
instead of coming upon the copper. 

A more recent (1894) 3-phase generator, built by the 
Oerlikon Company, having the same general features of field- 
magnet and of armature, but with various improvements in 
detail, is described and depicted in the third (1894) edition of 
3 
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Kapp'a • Electric TransmisBion of Power.* A general view 
is shown in Fig. 88. 

Aa a second example of a polyphase generator we select 
the large 1000 horse-power machiiiesi ehown at the Chic^o 



Fia. 39.— Westinohousk Two-Phase Gekeratob. 

Exhibition by the Westinghouso Co. of I'itlsburgli. One of 
these is shown in Fig. 39, which should be compared wilh 
Fig. 2. It is virtually a double machine, having side by side 
two similar field-magnets, and within two similar armatures 
upon the same sliaft. But the armatures are " staggered " ; 
tliat is to say, they are so monated that one of them lias an 
angular advance over the otlier equal to one-half the angular 
breadth from a N-pole to a S-pole. By merely sliifting 
the second armature the same machine might he used as 
one single-phase alternator. In this case the adoption of a 
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l^-pbnse system ia not accompanied by any economy of space 
or material in the machine. These altematoi-s are of 750 kilo- 
watt output, running at 200 I'evolutiona v. minute, nnd having 
a freqaeucyof 60 periods persecond. The tield-magneU each 
consist of 36 poles of laminated mild steel cast solidly into 
Uie outer yoke. E;ich armature haa 86 teeth ; and between 
these are slipped in and secured the previously-wound 
armature coils, ' 

Some years ago Mr. William Stanley,of Pittsfield (Mass ), 
introduced a 2-phase alternator of the " inductor type," in 
which the whole of the copper windings, both primary and 
secondary, are fixed, the only moving part being of iron. 

The BruKJi Electrical Engineering Company, of London, 
has produced 2-phase alteriiatora on Mr. Mordey's vell-knowa 
tj'pe of constrnction by the following modification nf the 
armature. In order to allow half the coils to be displaced 
through the breadth nf lialf a coil, two coils are removed at 
opposite ends of a diameter. A sitnilar modification makes 
the machine applicable for S-phase work, Mr. G. Kapp's 
recent alternators are capable of being similarly adapted. 

In recent jeare various forms of polyphase alternators 
have been introduced by Messrs. Brown, Boveri & Co., of 
Baden, Switzerland, the designs being worked out by Mr. 
C. E. L. Brown, formerly of the Oerlikon Company. 

Some of these machines present no special feature to 
distinguish them from ordinary alternators beyond having 
tlie coils of the armature arranged in sets of twos or tlireea 
to correspond to 2-phase or 3-phase work. 

Recently Mr. Brown has adopted a form of revolving 
field-magnet having a series of outward-pointing radial poles, 
with the peculiarity that only alternate jwles are wound with 
exciting coils, the intermediate ones being simply projections 
of cast iron of larger cross section than the inteimediate 
cylindrical cores that receive the coils. 

Another feature introduced by Brown in the winding of 
alternators, whether for single-phaao, 2-phase or S-phase 
work, and applicable to motors as well as generatoi-s, is the 
arrangement of tlie connecting wires where they emerge out- 
wde the eore-rings in two sets in different planes. This con* 
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fitruction may be noticed in Fig. 171 and Plate II. Though a 
detail it is of great use id obviatiHg risks of ahort-circuit. In 
Fig. 40 this construction is diagmmmatically displayed, show- 
ing how both the A set and B set of windings in a 2-phase 
generator may be gixiuped so as to utilize for each lap two 
sets of holes side by side. This has some advantages over 
using single holes of veiy lai^ size. These would interfere 



FlOB. 40. 41, 48. 
more with the magnetic circuit, and tend to set up greater 
beating in the polar parts of the field-magnet. Single holes, 
being of greater depth radially, would, moreover, cause greater 
magnetic leakage. 

Fig. 41 shows an adaptation of the method of arranging 
the windings o£ a 8-phase generator, so tliat the loops of 
coil can still be situated in two planes. The A coils will of 
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course be connected together in series, though thej lie 
alternately in the inner and in the outer positions; and so 
likewise the B and the C coils (see Plate II.). 

Fig. 42 shows how the core-rings may be utilized for a 
S-phase generator (or motor) with a winding in which all 
the holes are not employed. This winding was used to save 
the necessity of making a fresh set of stamps for the core- 
disks. The magnetic reactions are less, when the unused 
holes are left in the spaces as shown, than would be the case 
if the core-rings at these parts were not pierced. 

To Mr, Brown is due the introduction of the vertical-shaft 
type of generator so admirably adapted for running direct 
from a turbine. A large number of these machines are now 



Fia. 48.— BEOWjifs " Uubrklla " Type of Alterratoh. 

in operation. One of these machines, a 3-phase generator, 
has for some years done excellent work at Schonenwert near 
Aarau in Switzerland, furnishing current for motors in a large 
shoe-factory. More recently the town of Aarau has been 
provided with a central station which derives its power from 
the waters of the river Aar by means of turbines. 

A genei-al view of this " umbrella " type of generator is 
given in Fig. 43. Its moving part — in this example the field- 
. magnet with a large number of i-adial poles projecting out- 
wards — revolves upon the shaft being hung upon a six-armed 
spider. Outside it is the stationary armature of pierced core- 
rings, having the windings coupled up by angular end con- 
nections. The Oerlikon Company has also constnicted large 
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atteroatots of the umbrella type, for the power stations at 
Bellegarde, Bremgartea, and at Hochfelden. Fig. 44 givas 
Tiew of the latter station, allowing tlie three generators, which 
were designed by Mr. C. E. L. Bi-own in 1890. Tliey are 
3-phase machines, eiich of 200 horae-power, i-unning at 180 
revolutions per minute. Excepting in having the Tertical 
shafta directly above the turbines by which they are driven, 
they closely resemble the Lauffen generators. They give 86 
volts pressure between the terminals. To raise tlie voltage 
each is connected to a 3-phase transformer immersed in oil ; 
one of these tninsformers being visible on the right hand of 
the cut. The pressure is raised to 13,000 volts, at which 
pressure the currents are conveyed by three wires, each 4 
millimetres in diameter, to the Oerlikon Works (a distance of 
24 kilometres, or about l€i miUes), where by means of step- 
down transformers of similar construction the pressnre is 
lowered to 190 volts, and the currents are' distributed for 
lighting and power at thb pressure. 

Th» Siagara Altemator$. — When the project of utilizing 
the water-jiower of Niagara by turbines was taking shape the 
Cataract Construction Company invited many difFerentmanu- 
facturers in Europe and in America to submit plans. The 
machines were to be of 6000 horse-power, driven by tarbines 
making 250 revolutions per minute. Many of these designs 
were extremely good : nevertheless it was determined to have 
tbe machines manufactured in America, owing to the high 
tariff charged on imported goods, and to the coat of trans- 
sport. Some of the designs (including those of Mr. Brown^ 
were of the "umbrella " type, but for various reasons (turn- 
ing mainly upon the constructive difBcuIties arising from 
size and speed} Professor Forbes and Mr. Coleman Sellers 
were instructed in May 1893 to get out further plans for al- 
ternators of the proposed type. Professor Forbes fixed upon 
an externally-revolving umbrella field-m^net, with inward- 
ly'^inting poles Iield t<^ther by an external annulns of 
steel, as possessing both great strength and a large fly-wheel 
action. At first he prepared designs for a 2-phase machine, 
having the low freqnency of 161 periods per second, with 8 
poles. Eventually, after the Weatinghouse Company had 
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been selected as tnanufactarers, it was decided to fix the fre- 
quency at 25, and to wind tbe armatures for 2000 volta. The 
drawings published by Professor Forbes ^ relate to the earlier 
design, and have certiun complications about the armature 
which became unnecessary when it was decided to keep tbe 
Tolt^e at 20OO, instead of working at S0,000 volts. 



no. 48.— SmmoN op the Niaoaka 5000 H.P. Oeneratob. 

Fig. 45 gives a sectional drawing" of the Niagara machine 
fis built. Its outerrotating field-magnetconsists of awrought- 
steel ring, to which are bolted internally twelve inward 
pointing cast-iron pole-cores. It is hung to the vertical shaft 
by a six-arm cast-steel spider. The shaft passes up through 
a bronze bearing, which is supported by four arms projecting 
inwardly from a east-iron ring. The latter is itself adjustably 
fixed within an outer cylindrical mantle of cast-iron, which 
stands on the foundation ring and carries the stationary in- 

' Journal of the InstHvlion of Electrical Enoineera. NoTember 1698. 

» From the Electrical Engineer (N.T.) of January 16, 1895. 
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fem&l armature. The core of this is built up of thiu sheet 
iron segmented disks, clamped together by eight bolts of 
nickel-eteel. There are 187 nicks or grooves in the outer face 
of the core to receive the copper conductors. These are 374 
in number, rectangular, being 32 x 8 millimetres in section. 



Fro. 40.— Okb of the Nuqara Generatobs. 
two such bars lying side by side in each groove between tho 
armature teeth. The insulation is of mica. They are coupled 
np by bent end connectors in two independent circuits. The 
actual voltage at the speed of 250 revolutions per minute ia 
2250, the output in each of the two circuits being 775 am- 
peres. As there are twelve poles the frequency at this speed 
is 25 periods per second. The field-mf^net windings are 
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aapplied with continuons current (derived from a rotating 
transformer) through two slip-ringa fixed on the top of the 
shaft. Fig. 46 gives an external view of one of the machines. 
Tlte total beiglit ia about 13 feet. 

TK» Strattburg Oeneratora. — The 8-phase generators re- 
cently constructed by the Allgenieine Company, of Berlin, 
for the City of Strassburg are of the ^^nductor " type with- 
out any moving copper. 

A»j/nehronoua Cfetieraton* — It has been found by several 
experimenters independently— amongst them Mr. C. E. L. 
Brown, and the Engineers of the General Electric Company, 
at Schenectady, Kew-York — that the asynchronous motors, 
whether polyphase or monophase, can act as generators pro 
vided they are mechanically driven at asliglitly higher speed 
than that of synchronism (see p. 145). But it is not possible 
to work a circuit with only one sach machine to be used as a 
generator^— it is not self-exciting. There must be an alternate 
or polyphase current ^ready supplied to the mains or ter- 
minals. It would probably be convenient in thcwe central 
stations where the load is apt to show very sudden increase, 
to use one or more asynchronous generators along with other 
altematora, as the asynchronous generator might be kept 
turning as a non-loaded motor at a speed just below syn- 
chronism until required. On merely quickening up the speed 
of its engine (without waiting to " synchronize ") it will 
begin to work as a generator, its electromotive impulses syn- 
chronixlng perfectly with those of the circuit, though its 
speed is not synchronous. 

In some experiments made in Sweden ' by Mr. Danielson 
in 1892 a 3-phase a8}rnchTDnoas motor was coupled with a 
synchronous 3-phase generator. The former was then driven 
as generator, and the latter Qsed as motor, running on a 
brake. It was found that the asynchronous machine would 
not generate if the circuit included only resistances (lamps) 
w resistance with self-induction. 



1 JEI«ctKcaI Wona <N. T.), Jmu ISgS, p. 44 ; SleeMeal Amrfeio, xxkU. 
V^ US^ Feb. 1803. 
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CHAPTER 11. 

COMBIHATIOKS OF P0LTPHA8B CUBKENT8. 

Not until after the growth of the idea of combining cnrrenta 
in different phases for driving motora did any one suggest 
vays of combining into regular systems the separate groups of 
coils in which induction was occurring in different phases. 
The combining of currents of two or three phones has been 
usually considered in relation to motors ; it may, however, be 
equally usefully discossed in relation to generators. 

There are two general ways of combining polyphase 
circuits, which may be characterized respectively as «tar- 
groupings and meth-groupingi. la the star-grouping, the coila 




in which the power is generated or absorbed are joined to a 
oommon janction from which they branch star-wise each to its 
own line. The comparison may be made in the concrete case 
of a 8-pfaitae system. Fig. 47 is a digram of a star- 
grouping of three coils, a, iand c, designed to receive currents 
in regolav rotatory order, the current flowing in toward the 
oentre first throngh a (and passing out by o^e or both of the 
othor coils), then throngh i, then throngh c. Fig. 48 shows 
tluee coils, p. q and r, grouped in mesh fashion. Here the 
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coils foTm a closed mesh connected to the circait at the 
oornera. 

There are also severnl more complex groupioga in which 
both these features are used at the same time. Fig. 60, on 
p. 48, shows a comhination of the two systems. 

A further illnstration is afforded b^ a simple S-phase 
Bystem, in which the several possible groupings may be 
separately considered^ 




Fio. SI. FiQ. 53. 

(1) Independent windings. The coils on the generator 
vhich are In the same phase may be connected together in 
any methods used in single-phase machines, and the coils 
belonging to the other phase may be likewise so connected ; 
ao that we have two totally independent circuits as shown in 
Figfi 49, wherein the coils a and c belong to one circuit, con< 
nected to the lines m and o, and the coils h and d constitute 
an entirely separate circuit joined to the lines n and^. 

(T) Star-grouping. The coils or groups of coils may each 
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have one tenninal joined to a common junction J forming a 

star and the free terminals joined to the line-wires, as shown 

in Figs. 60 and 61. In Fig. 60 the coils are represented a» 

wound upon a ring ; whereas in 

Fig. 61 tbey are wound upon polar 

projections. They differ in their 

m^netic relations ; but, considered 

simply as circuits, they are ideuti- 

cttl. 

(8) Mesh-grouping. The coils 
may be connected together so as 
to form a closed circuit and the 
line-wire attached to the points 
of junction between the coils, as ^**; "^ 

shown in Fig. 52, which is an ordi- 
nary 4-part Gramme ring, having, however, its connections 
joined to four lines instead of being provided with a 4-part 
commutator. 

(4) Tn case No. (1) where the coils are otherwise 
independent, two of Uie terminals belonging to different 
phases may be connected together and a single return-wire 
employed as shown in Fig. 53, instead of having four line- 
wires. 




COMBINATION OP ELECTR0M0TIVE-P0RCE8. 

It is necessary to consider in each of these cases how the 
electromotive-foroes of the separate coils are combined, and 
the effect of such combinations upon the electromotive-forces 
between the line-wires. Let us say that the E.M.F. of the 
coil a follows the law v sin B where v is the maximum value 
attained in each period, as calculated fi-om previous con- 
siderations (see pp. 8 and 25). 

Two-fhue 8y$tem». — H the coils are joined up inde- 
pendently, as in Fig. 49, or in a star^rouping, as in Fig. 50, 
the K.M.F. between the terminals m and o will be 2 v sin 0. 
In the case of the star winding there is also a pressure Oi. 
^^ V sin {& + 45°) between the terminals of m and » ; that 
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is to say, tlie pressure between tlia two iine-wires of different 
phases is 1-4 tiroes the pressure at the tei-miiials of one ooil 
•nd is 45° of phase in advance of the foremost coil. 

When the coils are joined up ia a mesh, as in Fig. 62, the 
E.M.F. between m and^ is of coutse the E.M.F. genei-ated 
in a, namely » sin B, while the pressure between » and /» fol- 
lows the law *^ 2 t> sin (^ — 45°) ; that is to say, it is 1*4 
times the pressure at the terminals of one coil and is midway 
in phase between coils a and h. 

Where a common return is used the E.M.F. between each 
outgoing wire and the return will be simply double the 
E.M.F, of one coil, but the E.M.F. between the two out- 
going wires will be 1-4 times this or 2 ^/"a f sin (9 + 45"). 

Three-phaae Systems. — In order to find how the pressure 
Tories between the line-wirea of a g-phase system when the 
coils of the generator are joined up in star fashion, let US 





consider Fig. 54. Coil a, as before, may be taken as a 
standard of reference, the pressure at its terminal beingv sin d. 
Consider the £.!J.F. outward from tlie common junction aa 
positive. The E.M.P. in i is » sin (B — 120°). 

The pressure between tn and n is the differences of the 
electromotive-forces in a and i, or v sin — v sin (6 — 120°) 
— ^ r sin (9 -t- 80°). 

Example: If v ^ 141, the virtual volts generated by 
a are 100. The pressure between the lines m and n 
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■- 1^ X 100 == 173 virtual volts. The phase of this 
pressnre is SO" in advance of pliase of a. 

The clock diagi-am given in Fig. 55 bIiows the matter 
clearly. The lines a, h and c represent the E.M.F. in the 
respective coils. To subtract 6, produce it backwards as 
fihown — hy and then completing the parallelogi-am we get 
the resultant E.M.F. 80** in advance of a, and 4/^3 times 
as great. 

If the coils of a 8-phase system are joined up in mesh 
&8hion, as shown in Fig. 66, the E.M.F. between and mis 
mmply the E.M.F. generated in a. 




A 3-phase generator or motor is not generally built with 
the simple arrangement of three coils as shown in Fig, 54. 
There may be six coils or sets of coils, as in Fig. 57, in which 
case those pairs which are opposite to each other in phase are 
joined in series, so as to act like one coil of double the E.M.F. 

Fig 57 is in fact a diagrammatic representation of the 
arrangement of coils in Fig. 22, only the coils are spaced 
round an entire circle instead of merely spanning the space 
between one N-pole and the next. The coils being joined in 
pairs, we have virtually only three coils. Taking them in 
the Older 

e + b 

yre see that the paira ara 120° apart, and can be treated in 
the same way as the three coils in Fig. 54, tliaC is to say, we 
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may join them up star fashion, as in Fig. 58, in which case 
the E.M.F. between m and o will be 2 f''^ ti sin (a + 30°), or 
they may be joined up in mesh fashion, as in Fig. 59, in 
which case the E.M.F. between k and ■ will be 2 v sin 6. 




A combination of the star and mesh groupings is shown 
diagrammatically in Fig. 60. Fig. 61 shows bow sis coils 
wound right-handedly on a ring might be so connected. In 
this case the E.M.F. between any two terminals, for example 
A and B, would follow the law 2 c sin (* — 60°) where the 
E.M.F. in a is w sin *. 




Such combinations were first suggested by Dobrowolsky 
with the object of gaining in a motor a more uniform torque 
at different points of the revolution thau would be attained 
by a set of coils in three phases only. 
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COMBINATIONS OF CURRENTS. 

It is necessary also to consider the relative values of the 
current in the differeat conductors of a polyphase system 
when they are joined ap in star or in mesh. In the first place 
there are a few general rules which are of service in deter- 
mining these values in any given arrangement. 

1. Where any number of wires meet at a common junction 
the algebraical sum of the instantaneous values of all the 
currents (taking, say, the direction outwaid from the junc- 
tion as positive) is equal to zero. 

2. In the case of alternating currents this rule is only 
applicable to instantaneous values and not to the effective 
values of the currents, unless they are all in the same phase. 

3. Where two currents differing in phase meet in a 
common conductor, their resultant can be found by the 
graphic method given in Fig. 29, where O P and O Q may 
represent the two currents and O R their resultant. Or the 
following formula, which follows at once from the graphic 
construction, may be employed : — If a sin {Q + ^^) is one of 
the currents and h sin (Q + ^m) is the other, then their sum 
ifl y o' + 6* -t- 2 rt 6 cos (f„ - ^,) sin + ^„,) 

vhere 

tan #„, = asin», + 6Bin»„ _ 
a cos ^j + 6 cos ^„ 

4. It is necessary to adhere strictly to some notation 
indicating the directions taken as positive and negative. For 
instance, in considering a star-grouping of coils in a gen- 
arator, it is convenient to take the direction outward from the 
common junction as positive, and in the line-wires the positive 
direction will then be from the generator to the lamps or 
motors. In a mesh-grouping the direction clockwise round 
the mesh may be taken as positive. 

In applying these rules to determine the relative values 
and phases of current in any system, we first of all observe 
that the currents will be dependent upon tlie impedances of 
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the various circuits. We can only lay down general rules 
where we have a symmetrical system syiuineti-icatty loaded. 

Taking then a 2-phase generator with mesh-gi-ouped coils 
whose two circuits are equally loaded, the current in the line 
m (Fig. 52) is tlie sum at every instant of cun-ents in the 
coils a and h. If the current in a = C sin d, and that in 
6 ^ C sin (0 — SO")! the positive direction of the current 
in h being away from the junction, we must write 

C sin (9 - C sin (0 - 90°), 
from which we get the current in m ^ 4/2 sin (B + 45"). 

In the ca^ie of star and independent windings, the currents 
in the coils are necessarily the same as in the line-wiies. 

Wlien in a 2-phase system, one return-wire is used as in 
Fig. 49, even though the load on each phase may be the same 
the difference of phase between the two currents is increased 
to a little more than 90°, that is to say, the current in the 
leading phase rises to a maximum a little eailier than it 
would if the currents were independent, and the other 
current rise-s to a maximum a little later ; but this departure 
from 90° difference of phase may be made as little as we like 
by decreasing the resistance of the line. Even in a line 
wasting 15 per cent, of the total power, the difference in phase 
is only increased by about 6°,* ao that for practical purposes 
we may combine the currents as in the case given above for 
the mesh winding, and say that the current in the return- 
wire is V2orl'4time8 as great as in the other wires and 
midway between them in phase. 

Tlie currents in the coils of a 3-phase generator grouped 
in a mesh can be combined in the same manner as in the case 
of two phases. 

We have from Fig. 55, p. 46, 

sint'-sin (^-120=)= /3 sin (-0-1- 30=). 
That is to say, that the line-wire current is Vg or 1-73 times 
as great as the current in the coils. Comparing these results 
with those obtained for the electromotive-forces we see that 

^ Bodet et Buaquet, Les Courantt Polyphattt, p. 19. 
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in star groupings the electromotive-foi'ce between the lin^ 
wires is greater than at the terminals of the coils, and the 
current remains the same, ^rhile with the mesb-grouptng, the 
current in the line-wire is greater than in the coils, but the 
electromotive-foi-ce remains tlie same. 

GROUPING OF LAMPS IN A POLYPHASE SYSTEM. 

The foregoing ideas may be illustrated bj the various 
ways of grouping lamps in polyphase circuits. 

Lamps on Two-phage Cirewit-^-Suppose a generator G, 
Fig. 62, supplies two currents in quadrature. These may be 
used, as in this figure, aa two independent services to supply 
lamps, while for motor puiposea all four wires can he brought 

t M M I I. <.'*.*.*' 
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into opemtion. But, as has been already pointed out, three 
wires only need he used, a middle wire m. Fig. 63, semng as 
a common return. For carrying equal numhei's of lamps 
on the two circuits the middle wire must be thicker than the 
two outer wires, but need not be of double section as the 
currents are out of phase ; the maximum current in the 
middle wire being 4/2 times as great as that in the other 
wires. The voltage across from a to A will not be double 
of the voltage fi-om a to m or from b iom; but will be 
V2. times as great. In fact, if the lamps in the two rows were 
70-volt lamps, a third row might be added of lOO-volt lamps 
connected from a to A. 

A mesh system of lamps may be arranged as in Fig. 64, 
Qsing four Une-wii-es. In this case if the lamps were lOO-voIt 
lamps, the volt^e from a to a' would be 141-4 volts, and that 
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from & to (' alfio 141 '4 volts. With equal numbers of lamps 
the current in any one of the four lines will be 1*41 times 
that required for any one row of lamps. 

If the lamps are arranged in a star system of grouping, aa 
in Fig. 65, there will be some advantage in connecting the 
common junction J to earth (i. e, to a common return, which 
need not be insulated), provided the coils of tlie generator 
are also grouped starwise, so that they can also be eartlied. 
This is really equivalent to a 4-phase system having the 
phases in two coincident pairs. If the lamps are 100-volt 
lamps there must be 200 volts from a to a' or & to &' ; and 
tiiere will be 141-4 volts from a or a' to h or J'- 




Lamfft on Tkre^ph.a*e Circuit. — Three-phase circuits akin 
to the two last-mentioned, are illustrated in Figs. 66 and 67. 
Fig. 66 represents a mesh-grouping. With equal numbers of 
lamps in the three rows, the current in any one of the three 
lines will be equal to 1-TS times that required for any one 
row of lamps. 

If the lamps are grouped star-wise (Fig, 67), the mid-point 
may be earthed, provided tlie corresponding point on the 
generator (or transformer) is also earthed. This was done in 
the case of the lamps at Frankfort on the 3-phase transmission 
from Lauffen in 1891, and is carried out in the 3-phaso 
distribution at Heilbronn (p. 217). If the lamps are 100-volt 
lamps, the pressure between any two of the three circuits will 
be 173 volts. Neither the star nor the mesh-^ronping of 
itself secures absolute independence of the various parallels 
of lamps, though the star methods are, on the whole, more 
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nearly so. When lamps are turned on or off in any one row 
tiie pressure of the other rows is always more or less affected 
thereby ; but the use of the common return from the centre 
of the star s^'stem greatly reduces this. 

Amongst the curiosities of polyphase work may be men- 
tioned incandescent lamps with three wicks meeting in a pointi 



^ 



A 




and three outer terminals. Such were first shown in 1891 by 
Dobrowolsky. Othera having three spirals Avere constructed 
by the EdUon-Swan Company for the author for his lecture 
at the Royal Institution in February 1894. At the same 
lecture a S-phase arc-light was shown with three carbons 
meeting at 120" to one another. The arc or flame showed s 
gyratory movement. 

ECONOMY OF COPPER. 

It has been claimed that by the adoption of polyphase 
^sterns, as compai-ed with single-phase systems, there is 
effected a saving in the total weight of copper needed for 
the transmission of a given amount of power to a given 
distance. Of the correctness of this view in the main there 
can be no question ; the conilict of opinion which has arisen 
being due to the circumstance that the various disputants 
have taken different criteria as the basis of comparison. The 
economy in copper — which is the most important factor in 
the cost of long-distance transmission — depends, as every 
electrical engineer knows, upon the electric pressure at which 
the current is transmitted; so that, in comparing together 
different systems, the comparison, to be fair, should he made 
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upon the basis of employing equal voltage. But the qae» 
tion arises. Between what points \& the volti^e of the system 
to be taken in the comparison? 

But it must be i-emembered that while high voltage is tha 
secret of economy of copper in electiio transmission and dis- 
tribution, the voltage at whicli a Hystem can be ojierated is 
determined by different considerations in different casus. In 
low-pressure systems of distribution the voltage is determined 
by the glow-lamps ; and as tliese are not practicable for 
voltages over 100 to 110, it follows that this is the limit for 
the voltage of the system. On tlie other hand, where the 
distribution is for power only and not for ligliting, or where 
tmnsformera can be used, tlie limit to the voltage is fixed by 
the entirely different consideration of the insulation which 
can be safely relied ujion. 

Hence, to answer the question juat raised we must dis- 
tinguish broadly between the two classes of systems and con- 
sider each on its own merits. 

1. Biffh-presmre Syittemt. — In a high-pressure system it 
is the diiliculty of devising an insulation that will not break 
down which practically limits the voltage. Therefore, in 
comparing polyphase and single-phase we must take cases 
that are on a par from this point of view of insulation. It has 
been common in the case of single-jihase (and also in that of 
continuous currents) to keep one line at the potential of the 
earth, and to insulate the other sufficiently, having regard to 
the pressure between the two lines. In this case it is clearly 
the maximum pressure between the lines that forms what 
we here are calling the voltage of the system. If, however, 
both the lines are independently insulated from earth so 
as to withstand safely the maximum pressure occurring 
between line and eaHh, then the lines may have between 
themselves a voltage equal to double that maximum pressure 
without fear of a breakdown, provided always the lines, and 
the respective circuits into which they lead, are so well 
insulated from one another as to obviate riska in this respect. 
The question then arises whether, in comparing the ndvan* 
tl^es of various systems, we shall take as the basis of cotD' 
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parisoD tlie pressure between any two lines or the pressui'a 
between line and earth. If we take the maxiuiuin pressure 
between any point of the line and earth as the basis of com- 
paiison, then there is no saving in copper by the employment 
of polyphase currents ; for each line of any system, carrying a 
certain current at the maximum allowable pressure above tlie 
earth may be considered !is dependently tninsmitting a certain 
amount of power; and therefore the total power is simply 
proportional to the number of line-wires, to which the total 
weight of copper is also proportional. 

For instance, a 3-phase system joined up in star fasliion 
with tlie common junction to earth, and having a pressure 
of 1000 volts between each line and earth (and thei-e- 
fore 1732 volts between line and line), has no advantage 
so far as the insulation of tlie line is concerned, over a single- 
phase system having a pressure of 1000 volts between each 
line and earth (and therefore 2000 volts between line and 
line). To transmit equal power, with equal loss in the lines, 
each of the two wires of the single-phase system must be 
\\ times as heavy as each of the three wires of the 3-phase 
system. The two systems will require equal total weights 
of copper. 

If, on the other hand, we take the maximum pressure 
between any two lines as the basis of comparison, we are now 
equating not the risks of breakdown of the lines, but tlie 
risks of breakdown of the apparatus, machines, transformei-s, 
etc., in which the goodness of the insulation must be con- 
sidered equal. And on this basis of comparison there is a 
decided economy of copper by the employment of 3-pha8e 
currents, as can be seen by the following considerations. 

Taking first an installation connected in mesh fiishii,a 
(Pig. 56, p. 47), if the distribution is symmetrical the current 
a in one limb of the mesh (see Fig. 160, p. 187) is — — of 
the current^ in the line (see p. 50). Therefore the power 

absorbed in one limb is — ^ p V, where V is the pressure 

f 3 
between the lines (p and V being measured in virtual 
amperes and virtual volts respectively). The total power 
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is therefore f g ^ y. Taking instead a star connec- 
tion, the pressure between the ends of one branch of 
the star is — - V, and the current in each branch is the 
same as the current in the line. Therefore the total power 
is as before, viz. /3pV. Let the resistance of one line 
be r, then the total loss of power in the three lines is S p* r. 
Now consider a single-phase system to transmit the same 
amount of power ^^ p y. Let x be the i-esistance of one 
line, such that there shall be the same loss 3 p^ r. The total 
resistance of the two lines will be 2 x. The current will be 
Vop,^nA the loss &p^x. YiewceQ p^ x ^ Z ^ r ; or3;= J r. 
The resistance of one of the two single-phase lines wilt have 
to be one-half the resistance of one of the three-phase lines. 
Or, to put it in another way : the single-phase system requires 
two wires, each of double cross-section, as against the three 
wires of the 3-phase system. The weight of copper required 
on the 3-phaae system is only three-fourths of that required 
by any single-phase system. 

A 2-phase system with four wires is exactly on a par 
with a single-phase system, so far as the economy of copper is 
concerned. 

If in a 2-phase system only three wires are used, one 
wire acting as a common return, the pressure between the two 
outgoing lines is about /a times the pressure V between 
each line and the return ; we must therefoi-e regard the yoltage 
of the system as +/^ y. More copper is required in this case 
than for a single-phase transmission at ^/2 V. 

2. Low-pressure Si/stems. — Here the pressure is limited 
by the requirements of incandescent lamps. What we wish 
to attain is to have the voltage between the lines that transmit 
the power as high as possible, consistently with keeping the 
pressure at the lamps terminals at the right amount. Putting 
aside for the moment the so-called three-wire and five-wire 
method of distribution in which balancing wires are used, 
and comparing S-phase using three wires with single-phase 
using two wires, we see, from the considerations on p. 50, 
that with the lamps joined in mesh the 3-phase system 
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has the advantage of using only 75 per cent, of the copper 
required for the single-phase system. If the lamps are 
connected in star fashion, we have the pressure between the 
lines 4/ 3 times the pressure on the lamps, with a result that 
tiie copper employed is only one-fourth of that I'equired for a 
single-phase system with two wires ; but the system could 
not be regulated without having a return-wire from the 
common junction, and it would be comparable thus rather to 
a three-wire than a two-wire single-phase system. 

Mr. Goet^es, in a paper read before the Elektrotech- 
niachen Verein, reprinted in the Elektrotechnitche Zeitaahr^ft, 
January 17, 1895, gives the following data for weight of leads 
for equal power, drop and voltf^e : — 

Few itngle-pbaw, 2 wtrea 100 

" alDgle-pIuue, 8 wlrei (uanmlng the third vlra half Qte I si-M 

aecUoa of the other) ) 

** S-pbase, i wires 100 

** 2-pbMe, 8 wlrea (reckoning the TolUge between Unea and I ,j^^ 

common return] > 

" S-phaee, 3 wires (meBta) 7& 

*' &-phue, 4 wires (neutral wire from common Junction) . . Sd-3 

Another way of putting the matter is to consider the 
voltage to which the wires of a system would have to be 
■used in order, with equal total weights of copper in the lines, 
that equal power may be transmitted with equal loss. If 
a 8-phaae system is arranged in star fashion with four 
wires, the voltage between any of the three lines and the 
neuti-al wire being reckoned as 1000, the volt^e across the 
lines of a single-phase s^tem to be equally efficient must be 
1850. It is here assumed that the system is balanced so that 
no current goes by the fourth wire. The extreme voltage 
from wire to wire in the 3-phase plant will be only 1732. 
If t^ere is no fourth wire used in the 8-phase system (as 
B«ed not be where motors only or transformers are to be sup- 
plied)» the voltage of the single-phase system must, if it is to 
be equally efficient, be raised to 2000 volts. 
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COMBINATION OF MAGNETIC FIELDS. 

As th« main object of polypliase working is to piodaoe 
lotatoiy magnetic fields b; the combining of alternatiog 
magQetio fields in different pliimea, it is appropriate now to 
consider bow currents which are different in phases can be 
oombined to produce resultant magnetic fields. 

We may take it that when a simple alternating current is 
carried in a coil around a core, the magnetism along that core 
will be an alternating magnetism. If the core is merely wr, 
we shall have an alteiiiating field. If the core is of iron, the 
flux of magnetic lines tlirough it will be an alternating flux ; 
thati^ to say, a flux which begins, increases to a maximum, 
then dies away, reverses in direction, increases to a reversed 
maximum, and dies away to begin the cycle overagain. The 
frequency of this alternating flux will be Uie same as that of 
the irapresse<l magnetomotive-foree ; that is to say, of the 
current. If the iron is properly laminated, and there are no 
secondary circuits to perturb by reactions, the rise and fall of 
tlie magnetic flux will be pi-actically in phase with that of 
the surrounding current. Any eddy-cun-ents in the core, and 
any secondary cuneiita induced by the core in neighboring 
conductors, will inevitiihly have the effect of retarding tlie 
phase of the alteiiialing magnetic flux, and of causing it 
to lag. Such reactions by induced currents in closed secondary 
cii-cuit plays a vitally important part, as we shall see, in the 
modern polyiiho-se motor. 

It is self-evident that (In tlie absence of secondary re 
actions) a magnetizing force which alternates along a fixed 
direction will produce an alternating magnetic fiux; whereas 
a magnetizing force which isconstantin value, but is continu- 
ously changing in direction — rotating in space — will tend to 
pi-oduce a rotating magnetic flux. Wliether this resulting 
rotating magnetic flux will haveaconstant value orauniform 
speed of rotation, will depend not only upon the uniformity of 
the impressed rotatory magnetizing force, and on the absence 
of secondary currents, hut will also depend on the shape of the 
magnetic niiisses, as to wlielher they also are magnetically 
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symmetrical around the axis of rotation of tlie magnetizing 
forces. 

For the present, to gain simplicity in grasping the subject, 
we will consider the problem of the combinations of magnet- 
izing forces to produce a resultant magnetizing force. 

If the direction and intensity of a m^netic field may be 
represented by the direction and length of a line, tlien we may 
apply the ordinary parallelogram rule for tlie compounding 
of Tectois, and find the resultant of two magnetic fields that 
differ in direction and magnitude by compounding the vectora 
that represent them, and drawing the diagonal. In cases 
where the two components have values that vary in a regular 




periodic manner, the questions arise whether they have the 
same period of variation, and what is the difference between 
their phases. Consider for example two components A and I>, 
the directions of which are tised, but of which the magnitudes 
can vaiy. Take tlia case first (Fig. 68) in which tliey vai-y 
together without any difference of phase. When component 
A has the small value O At and component B the small value 
O B„ the resultant will be O R,. When A grows to O At and 
B to O B, the resultant will be O Ri ; and it 13 evident that if 
the magnitudes of O A and O B increase and decrease top^ether, 
the resultant O R will also vary in the same phase, but will 
remain fixed in ita own direction. In brief, two alternating 
vectors of equal period and in identical pliase have as their 



ibyGoogle 



6o Polyphase Electric Currents. 

resultant another alternating vector of equal period, identical 
phase, and of fixed direction. 

If, however, as in Fig. 69, the two components go through 
their peiiodio changes with a difference between their phases, 
not increasing and decreasing together, the resultant will no 
longer have a fixed direction. Let the variations of A and B 
be such that when O A is latge, O B is email, and that while 
O A decreases O B increases. Then it is evident that the 
resultant will change, as in the figui-e, from O R, to O Rj, O R, 
&c. } and, if ike variationa of the two componenti follow th» 
^proper law, the resultant may be caused to change continuously 
in direction without changing in magnitude; or, in other 
words, two alternating vectors may be arranged to have as 
their resultant a rotating vector of constant value. What 
the law must be to produce this effect we must next see. 

In 1883^ Marcel DejH^z communicated to the Acadgmie 
dea Sdeneea an important theorem on the production of a true 
rotatory magnetic Held, by the combination of two alternating 
magnetic fields having as their difference of phase a quarter 
period. 

It is well known that a uniform cutinlar motion can be 
decomposed into two rectilinear harmonio motions at right 
angles to one another, the two having equal amplitude, equal 
period and a phase difference of one-quarter period. Let P 
be a point uniformly revolving around centre O, The pro- 
jections of the radius O P upon the two axes (Fig. 70) are 
O M and O N. If the radius O P be called r we have O N = 
r sin 0, and O M = r cos e = r sin (6 + 90"). While P re- 
volves the point I^ will oscillate up and down the line Y Y' ; 
the amplitude of its motion being equal to the radius of the 
circle. Also the point M will oscillate along the line X X' 
with equal amplitude and in equal time ; but O N will be at 
its maximum when O M has zero value, and vice vena. It 
follows kinematically that a uniform circular motion may be 
produced out of two straighHine motions, by combining them 
at right angles, provided they are harmonic, of equal period^ 
of equal amplitude and differing by an exact quarter period. 
1 Comptea Sendit*, 1888, IL 1193. 
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Mechanicnlly this motion is equivalent to that of two 
pistons having; equal travel, working by two connecting rods 
upon the same crank pin, but placed at right angles to one 
another (Fig> 71). if motion of rotation is given to the shaft 
it will he decomposed into two rectilinear motions; the appa- 
ratus then acting aa a twO' t1 irow pump, t{ on the otlier band 
the cylinders are made to produce two rectilinear motions one 
ahead of the other by a quarter period in time, the apparatus 
will combine these motions into a true circular motion, and be* 
oonesequiTalenttoatwo-crankeugine with parallel cylindeis. 

Deprez saw that a similar combination can be magneti- 
cally effected. If an alternating cunent is led around a coil so 
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FiQ. 70.— Drpeez's Thbobsil Fra. 71. 

as to produce an alternating or oscillating magnetic field along 
the line O X, and a second alternating cunent is led round a 
aecond ooil so as to produce a second alternating magnetic 
field along the line O Y, then the result will be a rotatory 
tnagnetao field, provided these two magnetic fields are of equal 
period and amplitude, and differ exactly a quarter in phase. 
If they are of equal period, hut not of exactly equal ampUtude, 
the roenlt will be equivalent to an eUipttcally-votSkimg magnetic 
field; that is to say, one in which the strength and direction of 
the field is represented by the successive values of the radius 
vector drawn to an ellipse from its centre, and sweeping over 
equal areas in equal times. An ellipticaUy rotatory field will 
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also be produced if the two cotnponeat magnetic fields, thougli 
eqofil in period and kinplitude, do not differ by exactly a 
quarter period. For a perfect rotatory field, correepondii^ 
to oniform circular motion, the two components must vary 
precisely as tbe aine aud tbe cosine ^ of au angle respectirely. 

Thia ia not by any means the only combinaticoi that will 
produce arotatory magnetic field. The meclianical analogues 
of the thieo^ii'atkk engine, and of the three-throw pump, at 
ouce suggest other soVutions. Is the former instance three 
cylindeisare uaed,withtliree pistons which operate in succes- 
»Te phases differingbyooe-thirdof a period from one another. 
If the three cylinders are set (as in a Brotherhood's engine^ at 
120° to each other, their connecting-rods may actuate a single 
crank. If the three cylinders are set parallel side by side, 
then there must be three cranks spaced out in angular posi- 
tions 120° from one another. If the angular positions of the 
cranks were not exactly 120° apart, the phase-differences of 
the motions will not be exactly one-third of tbe period. The 
jpliase-dtfference of the motion inust 'correspond to the peri- 
|ilienil spacing of the mechanism that combines them. It 
M a kinematic principle that in combining harmonic motions 
to produce rotation, the space-phase of angle in the combining 
mechanism must be tlie supplement of tlie angle which repre- 
sents the time-phase of motion, otherwise the resulting motion 
win not be a uniform rotation. 

Tlie famous three-phase system of currents (or drehgtrom) 
im producing a rotatory magnetic field, is the electrical 
analt^ue of the three-crank mechanism. In dealing with such 
combinations of magnetic fields, we may proceed analytically. 
We have three coils, or three paira of coils, each producing a 
component mi^netio field which alternates ahing a fixed 
directitm, and we wank to find the resultant field when they 
aze combined together. When the coils are placed at an 
angle to each other we have to take into account not only the 
strength of each component field determined by tbe pbase of 
the cunenb, but also ttie direction of it. This is most easily 
dcme by splitting up the field produced by each circuit into 
>BMalMnn«cb,**BaUB)oDldettrodynftmletM," 7\iHa^e«I.,Hank]S8& 
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components along two axes X and Y. For instance, taking 
the coils on the ring in Fig. 58, tlie coils h and e will together 
produce a horizontal flux in the direction of O i along the axis 
of X in Fig. 72, which will change in value following the law 
|-| sin d. The coils d and a will produce a field in the direction 
of O d which will follow the law H sin (* — 120°). Similarly 
the coils/and e will produceafluxin direction 0/following 
the law H sin (©—240"). 




Adding togethei the compoaeDts (^ these along the axis 
of X we get 
H aiD fl— H »n (6—120°) cos 60»— H sin (8—240°) cos 60 

= |H8ine. 

And taking the components along the axis of Y 

H8in(e— 240»)o 

If we draw a line O R representing _ H to scale, making 

the angle Q with the axis of Y we sball see that as B increases 
with time and R revolves round O, the projection of O R 

npon the axis of X is - H ^^ti ^> "'^'l o» ^be axis of Y it is 
^H cos B, Therefore O R represents the direction of the 
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I'esultant of the JieUl at any moment. The field has, there- 
fore, a constant value equal to one and one-half times tite field 
produced by one pair of coils, and roUites at a constant 
angular velocity. 

Generally we may say that with a symmetrical grouping 
of coils, if the number of pliases is called nt, tlie ratio of the 

resultant field to the field produced by one phase ^-, 

We see, then, what are the time and space relations in 
simple 2-phase and in Bimple 3-phase working. To produce 
a uniformly rotating m^ietic field, we may have as com- 
ponents either two equal fields differing by a quartei^period 
in time, and set at 90° (i. e. a quarter circumfei-ence) to 
one another in space ; or, instead, three equal fields differing 
by a third of a period from one another in time, and set 
mutually at 120° (i. e. a third of a circumference) to one 
another in space. Obviously other cases might arise. Refer- 
ence to Fig. 71, p. 61, will show that by simply putting the 
two- cylinders at some otherangle than a right angle, uniform 
cireular motion might be resolved into two simple harmonic 
motions of equal period which did not differ by a quarter 
. period. It was stated on p. 62 that a uniform circular motion 
may be recompounded out of two equal simple harmonic 
motions that do not differ by a quarter period, provided the 
space-phase of their angular positions is equal to the sup- 
plement of the time-phase of their motions. 

We may very briefly discuss those cases where the time- 
phase of the components does not correspond to the space- 
phase of their angular positions. In such cases the result is 
not uniform circular rotation \ it becomes, in fact, elliptical. 
The resultant, while revolving, does not revolve at a uniform 
angular speed, nor maintain an invariable magnitude. The 
cases of elliptical resultant rotation may be classified under 
several heads. If the twocomponentsimpledmrmonic motions 
are equal in amplitude and of equal period, but not set in 
' such relative positions that the angle between them in space is 
the supplement of the phase-difference between them in time, 
the resultant motion will be elliptical, not oireular. If the two 
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components, of equal period, and having angular positions 
supplemental to the phase-diffei-ence between them in time, 
are not equal in amplitude, there will result elliptical motion, 
and the major axis of the ellipse will coincide with the direo" 
tion of the component of greater amplitude. If the phase- 
relations are not supplemental, and the amplitudes of the two 
components are unequal, yet the resultant motion will still 
be elliptical if the periods of the harmonio components are 
equal. Hence it follows that the resultant of any three (or 
more) simple harmonic components of equal periods, whatever 
their amplitudes and whatever the relations between their 
mutual angles and their phase-relations in time, will be an 
elliptical rotation (including in that general case the two 
special cases of rectilinear simple-harmonic motion, when the 
time-phases of all components are alike, and of uniform circa- 
lai' motion when the components are equal in amplitude and in 
time-phase relations coiTesponding to their angular differences 
in space}. This is why unsymmetrical polyphase systems, 
such as the so-called " monocycLio" system (which is a dis- 
torted three-phase system) will drive motors about as well as 
a symmetrical system will do. 

Keturning to the case of 2-phase and &-phase combinations 
properly so-called, it may be remarked that even though the 
amplitudes of the components are equal and their phase re- 
lations are properly adjusted, the result cannot be a uniform 
circular motion unless the individual components are truly 
bai'monic — that is to say, follow exact sine functions. Kow 
we know that in many cases ^ the form of the curves of electr(^ 
motive-forces, cuiTents and magnetomotive-forces in the actual 
alternating current systems in use differs considerably from 
that of a simple sine curve. It is easy to see in genei-al what 
will be the effect of any departure from the simple sine form. 
Taking a 2-phase combination, if the component curves are of 
the peaked type, the resultant curve will have the geneml 
form of Fig.78. while if the component curves are of the broad 
topped round-backed variety, the resultant will have the 

1 See for a recent example, the curres given bj Fleming In Thn Blectrt- 
tian of Febnury 22d, 1896, for some altenuUora tued In the Clt7 of London. 
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gener^ form of Fig. 74. If one or botli the curves present a 
rippled outline owing to the presence of a sub-oompouent of 
higherorder of periodicity, the oonCoor of tlie resultaot carve 
will also be rippled. This cairespoods to the entirely unlm* 
portant case of a motor designed to work with a rotatory m^ 
neljc field with the amplitude of the resultant tnt^netio force 
undergoing more rapid peiiodic fluctuations. 

In the paragraphs immediately preceding, the oombinatioa 
of component vecton has pm-posely been discussed fi'om the 
rather abatiact or kinematic point of view. The rotatory 
phenomena in Uie polyphase motors are both more concrete 
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and more complex. In them the impressed magnetic field 
seldom has a simple uniform circular rotation. They are 
mostly multipolar; they liave projectiug poles, teeth and 
other discontinuities of structure, all of which must have a 
tendency to cause the magnetic field to rotate more or less 
by jumps, and with variations in its magnitude fi'om point to 
point. This is, however, of minor importance, for, as we shall 
see, the necessary tendency of the induced effects in the 
conducting revolving masses is to react against all departures 
from simple and uniform rotation. Further, in the ideal case, 
what is sought is not a unifnrmljrotating magnetic field, but 
gnch a combination of rotating magnetic field with a set of 



D,n,t,z9dbvGoOgle 



Combinations of Polyp ftase Currents. 67 

induced cun-eiits tliat tlie coiiductoitt carrying tlie Utter (or 
^aa iroii coi<e iu which tliey are embedded} shall be ui;ge(l 
uound its axis witli a suSicient and suAicieDtly uuifoi-n 
torqite. 'Die tonjue at different poiuts of tiie revolution is 
not miifonu iu steiiua eugises, «veu ia (Juae pn»vaded wilb 
two and three cranks. But eveo ia the vorst polyphase 
motor the ton^tie is much more uniform thaa in tlie be»t 
6t«aia engiue. No polyplia.:^ motor, uo biiigle-i>liase motor 
even, needu any fly-wheel to regularize the iiregalaiity of the 
- turning effort 

Lastly, it may bo well to remir-i ;he student that the 
principle of vector combination (such as in the well-known 
parallelogmio of vectora) is only applicable to magnetomotive- 
forces, magnetic fluxes, and electric currents when we ai-e 
considering these quantities as vtetors, that is to say when 
tlieir actual direction in space is being taken into account, 
and, therefore, obviously cannot be employed in dealing with 
quantities of a circuital nature such as the total magneto 
motive force, or as the total magnetic flux in a circuit, or 
in combining currents flowing from several wires into a 
common wire. There the quantities in question have merely 
a scalar value; their directions varying throughout their 
circuit. If we are considering the magnetic force at a point, 
we have something with a perfectly definite direction, and 
may, therefore, combine it with another magnetic force at 
the point. Similarly, when we are considering magnetic fields 
whose directions at a particular instant are uniform over the 
space we are considering, as in tlie case of the magnetic fields 
in the theorem of Marcel Deprez on p. 60, and the theorem 
which follo«'3 it, as to the resultant field in a particular 
three-phase motor, the principles of vector combination are 
applicable. But in a multipolar motor, where the flux is 
along curved paths, as shown in Figs. 24 and 125, the flux as 
a whole cannot be considered an a vector, and it is for this 
reason that in Chapter V., in the discussion of the progressiou 
of the magnetic field, the diagrams have been drawn to show 
how the circuit magnetomotive-forces progress peripherally 
along the motor. 
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The Btadent must clearly distinguish between the applica- 
tion of the polygon of vectors in the case where vecUir 
qaantaties are being added, and die application of the same 
geometrical conatruction when »calar quantitieB, following a 
sine function of the time, are being added. In the latter case 
the quantities have their phase relations represented by the 
iuclination of lines to one another ; the legitimacy of the 
process depending solely upon the peculiar properties of the 
sine tunotiona. 
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CHAPTER III. 

PROPERTIES OF ROTATING MAGNETIC FIELDS. 

Considering how much attention has been devoted to 
magnetic fields and to the combinations of the fields of two 
or more magnets, it ia suiprising how little thought has been 
given to tlie properties of rotating magnetic fields. The 
essence of the modern polyphase motor is tlie production of 
rotating magnetic fields within which masses of uetal are set 
into foreible rotation by reason of the currents induced in 
them. These rotating magnetic fields are generated by the 
artifice of combining together two or more oscillating magnetic 
fields by the use of alternate currents in different phases, as 
already shown. But the principal properties of rotatory fields 
can be investigated and demonstmted without any such 
artifices, by very simple means. All that is required is an 
apparatus for spinning a magnet, the field of which is then 
investigated while it revolves at some known speed. 

The subject appears to have fii3t attracted notice about 
the year 1825, in the discussion of the phenomenon of Arago's 
rotations, of which, accordingly, some is here given. 

Arago'a Rotations. — As has so often occurred in other 
branches of science, the discovery of the magnetic rotations 
was made nearly simultaneously by several persons, for all of 
whom priority has been claimed. About 1824, Gambey,^ the 
celebrated instrument-maker of Paris, had made the casual 
observation that a compass-needle, if disturbed, and set oscil- 
lating around its pivot, comes to rest sooner if the bottom of 
the compass-bos is of copper than if it is of wood or other 
material. Barlow and Marsh,' at Woolwich, had at the samfc 

• See Junin, Coun <te Physique, W. 296, 186fi, and Verdet, Cun/6rencat 
de Phytiqut, L, 415 1872. ' Edinburgh Philoa. Journal, xiU. 122, 1825. 
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time l>eeii observing tlie effect on a magnetie needle oE 
rotating in iU neigliborhood a sphere of iron. Arago, ^the 
asti'oiioiiier, who Lj said to have learned of Uie phenomenon 
from Giimbey, but who is also said' to have independently 
discovered it in 1822, when working with Humboldt at mag- 
netic determinations, was beyond question the first to publish 
an account of the observation, which he did verbally before 
the Aead4mie det Sciences of Pai'is, oa November 22d, 1824. 
He hung a conipiiss-needle within rings of different materials, 
pushed the needle aside to about 45°, and counted tlie number 
of oscillations made by the needle before the angle of swing 
decreased to 10°, In a wooden ring the number was 145, 
in a thin copper ring 66, and in a stout copper ring it was 
only S3. 

The effect of the presence of the mass of copper is to 
damp the vibrations of the needle. Each swing takes ibe 
sama time as before, but the amplitudes are lessened i the 
motion dying down, as though there were some invisible 
friction at work. Arago marked that it gave evidence of 
the presence of a force whicb only existed whiUt there wbs 
relative motion between the magnet-needle and the mass of 
copper. He gave the plienomenon the name of magnetism 
of rotation. In 1825 he published a further experiment, in 
which, arming from the principle of action and reaction, 
he produced a reaction on a stationary needle by motion of a 
copper disk (Fig. 75). Suspending a conipassMieedle in a 
glass jar closed at the bottom by a sheet of pai>er or of glass, 
he held it over a rotating disk of copper. If the latter turns 
slowly the needle is simply deviated out of the magnetic 
meridian, tending totamintheRenseofrotationoftlie disk, as 
though invisibly dragged by it. With quicker rotation the 
deviation is greater. If the rotation is so swift that the nee<lle 
is dmgged over 00° a continuous rotation ensues. Anigo foundi 
however, that the foice was not simply tangential. Suspend- 
ing a needle vertically from the beam of a balance over the 
revolving disk be found that it was repelled when the disk was 

1 Annates de Cliimie et de Phyalqve, ixiU. 3&1, ixvili, 325, «sslL2ia. 
* Araao,(Eucre» eomplilet, Iv. 424. 
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revolved. The i>ole which hung nearest the disk was also 
acted upoa by radial forces tending, if the pole was near the 
edge of the disk, to foi-ee it radially out^va^d, but if the pole 
was nearer the centre, tending to foi-ce it radially inward. 

Poisson, steeped in Coulomh's notions about magnetio 
action at & distance, essayed to build up a theory of mag> 
netism of rotation, affirming that all bodies 
acquire a temporary magnetism in the 
presence of a mi^et, but tliat in copper 
this tenipoiary magnetism t»ok a longer 
time to die away. In vain did' Ai-ago point 
out that the theory failed to account for 
Uie facts. The so-called ''magnetiBm of 
rotation" threatened to beoome a fixed 
idea. 

At this stage the phenomenon was 
investigated by several English experi- 
mentere, by Babbage and HerscTiel, h_y 
Christie, and, later, by Sturgeon and by 
Faraday. Babbage and Herschel measured 
tbe amount of retarding force exei-ted on 
the needle bv differentniaterials,andfoand ^ __ 
A. _. _tii-L-f J Fio. 75.— ABAaoli 

the most powerful to be silver ana copper spinninq Disk. 
(whicli are the two best conductors of 
electricity), after them gold and zinc, whilst lead, mercury 
and bismuth were very infeiior in power. In 1825 they 
announced tlie successful reversal of Arago's experiment ; 
for by spinning the magnet nnderiieatli a pivoted copper 
disk (Fig. 76) they had caused tbe latter to rotate briskly. 
They also made the notable observation tliat slits cut 
radially in a cojiper disk (Fig. 77) diminished its tendency 
to he rotated by the spinning magnet. If the rotatory force of 
the unslitdisk be reckoned as 100, one mdial slit reduced it to 
88, two radial slits to 77, four to 48, and eight to 24. AmpSre, 
in 1826, showed tliat a rotating disk of copper also exei-cises 
a turning moment upon a neighboring copper wire through 
which a current is flowing. Seebeck in Germany, Pr(5vost 
and CoUadon in Switzerland, Nobili and EacelH in Italy, con- 
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finned tl\a observations of the English expeiimenters, and 
added others. Sturgeon showed that the damping effect of a 
m^net pole apon a moving copper disk was diminished by 
the presence of a second magnet pole of contrary kind placed 
beside the first Five years later he returned to tlie subject 
and came to the conclusion that the 
effect was an electrical disturbance, 
" a kind of reaction to that which takes 
place in electro-magnetism," when the 
publication of Faraday's brilliant re- 
search on magneto-electric induction, 
in 1831, forestalled the complete ei- 
planatioa of which he was in search. 
Faraday, in fact, showed that relative 
motion between magnet and copper 
disk inevitably set up currents in the 
metal of the disk, which, in turn, 
reacted on the magnet pole with 
mutual forces tending to diminish the 
relative motion — that is, tending to 
drag tlie stationary part (whether magnet or disk) in the 
direction of tlie moving part, and tending always to oppose 
the motion of the moving part. In fact, the currents go 
eddying round in the moving disk, unless led off by sliding 
contacts. Tliis, indeed, Faraday effected, when he inserted 
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FlQ. 77. — Slff Disks ttsbd bt Basbaqb 



his copper disk edgeways (Fig. 78) between the poles of 
a powerful magnet, and spun it, while against edge and axle 
were pressed spring contacts to take off the currents. The 
electromotive-force, acting at right angles to the motion, and 
to the lines of the magnetic field, produces currents vrhicb 



ibyGoogle 



Properties of Rotating Magnetic Fields. 73 

flow along the radius of the (list. If no external path is pro- 
vided, the currents must find for themselves intemal return 
paths in the metal of the disk. Fig. 79 shows the way in 



Pig. 78.— Fabadat's Disk Macbtfb. 

vhich a pair of eddies is set up in a disk revolving between 
magnet poles. These eddies are symmetrically located ^ on 
either side of the radius of maximum electromotive-force 




Fio. 7D.— Eddy-ocbkbnts IK 



(Fig. 80). The direction of the circulation of eddy-currents 
is always such as to tend to oppose the relative motion. The 
eddy-current in the part receding from the poles tends to attract 

1 TTnleaa the speed ot the rotation U ctv great ; in irhich case the self-ln- 
dnction of the eddy-clrcalta will cnus'^ a I.[me-lag shifting the position of th« 
imdloi of iriaTimnm cuTient ahead of the radliu ol maTlmiim electromotlTo- 
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the poles forwsrd or to drag this part of the disk backwards. 
Tlie eddy-current in the part advancing toward the poles 
tends to repel tliose poles and to be repelled ly them. It is 
obvions tluit any slits cut in the disk will tend to limit the 
flow of the eddy-cunents, and by limiting them to increase 
the resistniiee of their possible paths in the metal, though it 
will not diminish the electromotive-force. In the researches 
of Sturgeon ^ a Dumber of experiments are described to ascer- 
tain the directions in which the eddy-currents flow in diskg. 
Similar, but morecomplete researches were made by Matteuci. 
The induction in rotating spheres was mathematically invas- 
■tigated by Jochman, and later by the lamented Hertz. 





Faraday showed several interesting experiments on eddy* 
currents. Amongst others he hung from a twisted thread a 
cube of copper in a direct line between the poles of a powei-f nl 
■electromagnet (Fig. 81). Before the current was tamed on 
the cube, by its weight, untwisted the cord and span rapidly. 
On exciting the magnet by switching on the current, the cube 
stops instantaneously ; but begins Eigiiin to spin as soon as 
the current is bj-oken. Matteucci varied this experiment by 
constructing a cul>e of square bits of sheet copper separated 
by paper from one another. This laminated cube (Fig. 82) 
if su-spended in tlie magnetic field hy a hook a, so that its 
lamiiice were parallel to the lines of the magnetio field, could 
not be stopped in its rotation by the sudden turning on of the , 
current in the electromagnet ; whereas if hung up by the '■ 
book h, so that its laminations were in a vei-tic^ plane, and 

* Eilnhurgh PnilosopMeal Journal, July 1825 ; and PhUotopMcat Mofftt- 
<lne, April and May 1832. tiee also Sturgeon's Sci^nlific Retearchea, p. 21L 
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then set spinning, was arrested at once when the electn^ 
m^iet vas excited. In the latter case only coold eddy- 
currents circulate ; since they require paths in planes at right 
angles to the magnetic lines. 

With the explanati(»i given by Faraday of the Arago 
rotations, aa being merely due to induced eddy-currents, the 
peculiar interest which they excited whilst their cause was 
unknown, seems almost to bare died out. True, a few years 
later some interest was revived when Foocault showed that 
Uiey were capable of heating the metal disk, if in spite of the 
drag the rotation was forcibly continued in the magnetic field. 
Why this oheerration should have cansed the eddy-carrents 
discovered by Faraday as the explanation of Arago's pheni^ 
menon to be dubbed Foucault's currents is not clear. If any 
one is entitled to the honor of having the eddy-currents 
named after him, it is obviously Faraday or Arago, not 
Poucanlt. A little later, LeRonx prodneed the paiadox that 
a c<^Dper disk ntated between concoatrio magnet polea is not 
heated tliereby, and does not suffer any drag. The explana- 
tioD of this is as foUows. If theie is an aonolar north pole 
iu front of one face of the disk, and an annolar south pole in 
front of the other face, thongh there is a magnetic field pro- 
duced right through the di»k, there are no eddy-currents. 
For if all round the disk there are equal electromotive-forces 
directed radially inwards or radially outwards, there ivill be 
no return path for the currents along any radius of the disk. 
The periphery will simply take a slightly different potential 
frtnn the centre ; but no currents will flow because the electro 
motive forces around any closed path In the disk are balanced. 

In 1884, Wiiloughby Smith published * an investigation on 
rotating metal disks in which he found iron disks to generate 
electromotive-forces superior to those generated in copper 
disks of equal size. 

Guthrie and Boj-s in 1879,^ hung a copper plate over a 
rotating magnet by means of a torsion thread, and found that 

1 Lectnrest B0711I Institution: "Yoltaand Magneto Electric Induction," 
JniM 1884. 
« Ptqc. PAyjiJcoI Soc., ill. pt. 111. 127, and It. 55. 
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the torsion was directly proportional to the velocity of rota- 
tion. They pointed out that sucli an instrument was a very 
exact one for measuring the speed of machineiy. They also 
made experiments upon varying the distance between the 
copper plate and the magnet, and varying the diameter and 
thickness of the copper disk. 

Experiments were made upon various metals, and the 
torque was found to vary as the conductivity of the metal as 
far as the latter could bo judged after being rolled into the 
form of plate. Messi-s. Guthrie and Boys then applied the 
method to the measurement of the conductivity of liquids. 

lu 1880, De Fonvielle and Lontin observed that a lightly 
pivoted copper disk could be maintained in continuous rotiu 
tion — if once started — by being placed, in presence of a 
magnet, within a coil of copper wire wound on a rectangular 
frame (like the coil of an old galvanometer), and supplied with 
alternate currents fi'om an ordinary Ruhmkoi-fF induction coiL 
They called their apparatus an electromagnetic gyroscope. 

But it does not seem to have occurred to any one that the 
Arago rotations could be made use of in the construction of 
a motor prior to the year 1879 (see p. 84). 

Hxperimentt in a Rotating Magnetic JVeZti.— With the 
simple apparatus of Fig. 76 a num'ber o£ interesting and easy 
experiments can be shown. A pivoted compass-needle 
placed over the magnet revolves synchronously. If a number 
of small " charm " compasses are placed close together over 
the revolving magnet, they all turn together in unison. Any 
pivoted disk of thin sheet iron (ferrotype plate or tinned- 
ware), also rotates synchronously. An iron nail or a st«el pen 
laid on a sheet of glass over the magnet Isegins to revolve as 
soon as the magnet is turned, and will acquire a great speed, 
turning always synchronously with the magnet. So will a 
small iron key; but if the magnet is first spun very quickly 
and the iron nail or key is then laid down on the glass, it fails 
to fall into step, and does not turn. If iron filings are 
sprinkled from a pepper-box upon the glass sheet (a sheet of 
mirror glass is preferable) over the slowly revolving poles, a 
very curious and beautiful effect is produced. Owing to the 
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magnetic fielcU proceeding from the poles having vertical 
components, each tuft of filings rises up on end as the poles 
pass under, and turns a complete someraault at each rotation 
of the magnet. By each somersault the tufts of filings are 
shifted a little in a sense contrary to that of the rotation; 
giving, as the speed is increased, the effect of particles waltz- 
ing round in a flock, and gradually tending either to heap 
together in the centre or to diift out of the field at the edges 
of the sheet of glass. Iron bullets or buttons revolve syn- 
chronousiy with the magnet. Bullets or egg-shaped pieces of 
copper or bi'ass revolve quite slowly however, and do not keep 
pace with the revolving magnet, as do bodies of magnetic 
material. Pivoted disks of copper, brass, zinc, or, bestof all, 
of aluminium, placed over the mi^net, also take up a slow 
non-synclironous revolution, being driven by the eddy currents 
generated in them. 

If the pivoted disks, compass needles and the rest are how- 
ever, not placed centrally over the moving magnet, but are 
set at some distance laterally, quite outaide the sweep of the 
moving poles, the rotation produced in the pivoted disks is 
in a sense opposite to that of the rotation of the mi^net. If 
the pivoted disk is set centrally over the revolving magnet at 
a height of 6 or 8 inches above ito poles, and is gradually 
moved laterally away from this central situation, a point may 
be found at some distance where the disk does not tend to 
turn in either direction. Inside the zone of such neutral 
points the tendency is to revolve in the same sense as the 
magnet ; outside that zone, to revolve in the opposite sense. 
The neutral zone widens as the vertical distance is increased. 
If a pivoted disk is set at a neutral place, it may be made to 
revolve by placing in the interspace pieces of ii'on or even 
strips or hoops of copper in positions which either distort the 
field or convey by eddy-currents a new revolving field. If a 
conducting cage of copper strip, made up like Fig. 88, is set 
up over the revolving magnet, and a well-pivoted disk of 
aluminium is placed over the top of it at a, this disk may be 
.set in rotation, though the distance between the magnet and 
tlie disk is far too great for rotation to be set up without this 
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adjunct. The effect is improved by inserting a mass of iron 
at h to increase the inductive effect of the revolving magnet. 
Another instructive experiment, shown by the author at 
the Royal Institution in February 1 894, is afforded by cutting 
out a piece of sheet copper in the foim shown in 
* Fig. 84, having two long slits running neaily the 

whole length. This may be several feet long, 
and three or four inches broad. If the strip is 
laid down horizontally, with the [Mint A cen- 
trally over the revolving magnet, with a block 
of iron over it to enhance the inductive action, 
eddy-currents are set up in the strip (in reality 
8-phase eddy-currents) which are able to turn a 
nicely, [wised metal disk placed on a pin at the 
Fig. 83. distant end B. The disk used in this experiment 
consisted of a copper disk having a tliickened 
rim, with a smaller iron disk laid within the rim, the whole 
being provided with a jewelled centre to diminish friction. 
All these effects can be produced with niucli greater power 



'1 



by substituting for the mechanically-turned steel magnet any 
apparatus producing a rotatory field by tlie combination of 
true polyphase cun'ents as described later on. 

For those who have no true polyphase apparatus at their 
command, but who have bsittcries capable of furnishing 5 to 
10 amperes at a pressure of 10 to 20 Tolts or more, it may be 
convenient to describe a method of artificially imitating true 
polyphase emrents by means of a hand-driven commutator. 

Fig. 85 shows a very simple form of commutator, by which 
a rotating field can be pi-oduced if the terminals A, B and C 
are connected to the terminals nt, o and n of a ring wound as 
in Fig. 58, p. 48, and a battery is connected by one pole to 
the return terminal R of the commutator, and the other pole 
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to the common junction J of the coil. On turning the handle 
rapidly the three contact spi-ings receive currents at Huccessive 
intervals, which may be said to differ in phase by 120°, tliough 
of coui'se there is no revei^al. It will be seen that the intervals 
overlap by an angle of 60° ; that ia to say, the current in B is 
switched on i of a period before the current in A is switched 
off, and for ^ of a period current in B only is on, after which 
currents in B and C are both on for J of a period, and so on. 
The bearing surface of the teeth is one-half of the pitch, and 



Fia. 85.— Hand Commutator fob iMrrATiNO Three-phase CtntREtrra. 

the tips of the contact springs virtually tri-sect the pitch. 
Tliis commutator can he cut out of a single sheet of brasa, 
and though soon spoilt by the sparking is Ciisily repaired. 

A more elaborate comniutiitor which reverun the currents 
in the three lines in pi-oper succession, and ih)fs not requires 
fourth line as a return-wire, is shown in Fig. 86. It repre- 
sents a wooden barrel about 2 inches in diameter and about 
6 inches long, opon which are screwed two properly spaced 
contact-pieces. Against this barrel press springs ; three of 
these being terminals for the three lines j two to be joined to 
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the tenninaJfl of the battery. A developed drawing of this 
commutator, showing how the contact pieces are spaced out, 
is given, exactly half the actual size, above the figure. 

By carefully following the order of operations during one 
revolution, it will be seen that the current is sucoeBsively 



Flo. 86.— £Lun> Cohxutator fob FBODUcrao Threb-phask CoBBBrn. 

Teversed in each line and that while the current is flowing 
from a + terminal through the A line, the return current to 
a - terminal is shifted from the B line to the C linei aod so 
forth in r^ular order. 
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A similnr deviee (but, of coui'se, wilh diftei'ent spacing of 
the parts) may be used to imitate 2-pha8e curt'ents, using 
four lines. This will require six springs, unless a common 
return is used. Indeed, the commutator just described works 
fairly well for 2-pliase apparatus if the tenninal C is used 
with a common return-line for the two circuits tliat go out 
from A and B. 

To show simple rotatory-field experiments with this three- 
phase commutator, all that is necessary is a ring electn^ 
magnet properly wound. Take a ring-core made either of 
iron wire or of iron core-rings stamped from sheet iron, having 
an external diameter of 8 or 4 inches and an internal 
diameter of 2 or 8 inche;^. Its depth may also be half an 
inch or so. After insulating it with tape, or paper vaiiiished, 
wind carefully upon it six equal coils of No. 16 S.W.G. covered 
copper wire (or sti-anded wire of 7 No. 23 S.W.G. for greater 
flexibility). Let the three coils each cover 60°. Their ends 
may he furnished with terminals, so that if desired they may 
be joined either in star fashion or in mesh fashion. Kach 
coil should "have at least 100 turns. If a finer wire is used 
(and it has some advanti^es) there must be a proportion- 
ately greaternumber of turns wound upon the ring. With 
a small ring si^th as this almost all the above experiments can 
be shown. 

For experiments on a larger scale, polyphase currents can 
bo readily procured by those who have access to an electric 
lighting supply of continuous current. For it is easy to adapt 
a small motor to serve the purpose of a running transformer. 
Suppose the supply is at 100 volts. Then a small motor of 
1 horse-power, or even of ^ or ^ horse-power, can readily be 
adapted to the purpose, provided there is room on its shaft 
at the end opposite to the commutator to adapt to it three 
insulated slip-rings which are connected to three symmetrical 
points on the armature winding. From these three slip-rings 
three contact-brushes take off the 8-phase current (p. 183). 

One of the most fascinating experiments which can readily 
be shown with such an apparatus is the spinning of a copper 
f^g. For this purpose, a somewhat larger ring electromagnet 
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ia required timii tliat described above for producing the rotafc- 
ing field. An 8-incb ring, wound in 6 or 12 sections, and 
connected up as in in Fig. 58 or Fig. 59, serves excellently. 
A ring wound in 12 sections (see Fig. 157, p. 180) is very 
convenient, since it can also be used for 2-phase cuiTents. 
Tlie ring is laid upon a table, and a common china plate may 



Fig. 87. 

be fiet upon it. An egg of copper, solid or hollow, or, better 
Btill, of copper filled with iron filings, revolves rapidly when 
the cun'ent is turned on. As its speed of rotation increases 
it finally rises up and spins on its end. An aluminium egg 
revolves even better. Astoutdiskof copper or aluminium, if 
slightly convex on the filce, and rounded at the edges, 8])ins 
and gradually rises up until it spins on its edge like a coin, 

MECHANICAL ILLUSTRATIONS OP POLYPHASE 
TRANSMISSION. 

Tlie analogies between polyphase current apparatus and 
miichines in which two cranks or thi-ee cranks are used so as 
to avoid dead-points, liave been several times alluded to. 
Mechanical models corresponding to any particular case of 
polyphase currents can easily be designed, and are very in- 
structive, A very simple model designed by the author to 
illustrate a simple S-phase transmission of power, may be 
worthy of record. 

Thi-ee cords are attached to a pin P on a small crank, 
rotating about centre O in the middle of a fixed board 
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(Pig. 88). The three cords are led off through three equi- 
distant holes A, B, C, furnished with porcelain eyelets to 
diminish friction. The three cords pass over three pulleys 
a, &, t! to a distant point, where tliey are hrouglit down to a 



Fia. 88. 

similar board and reunited at a common junction p, to which 
a pencil is fastened. On imparting a circular motion by 
hand to the handle A, the point f also performs a circular 
motion, though there is no crank to guide ita motion, and 
traces an (approximate) circle on the board. 

Another method of mechanical illustration, using cords 
and pulleys, was devised by Mr. P. A. N. Winand (see 
JtmmaX 0/ th» Franklin InttiUde^ October, 1892> 



ibyGoogle 



84 Polyphase Electric Currents. 



CHAPTER rV. 

SABLT DEVELOPMENT OF THE POLYPHASE MOTOB. 

The notion o£ pi-oducing rotation by using several magnet 
poles which should come into operation successively, and 80 
attract an armature forward, is of no recent date. Multipolar 
motors are to be found in some of Wheatstone'a earliest 
patents, whibt several of Pacinotti's motors of about 1861 to 
1865 embody tlie same idea. In none of these, however, waa 
there any suggestion that the shifting poles should operate)^ 
inducing currents in the rotating part. 

The First Induction motor, — Amidst the crowd of modem 
inventions little note has been taken of the modest beginnings 
of the polj-pliaae motor, the birth of which dates from 1879. 
Fig. 89 illustrates the elementary motor which Mr. Walter 
Baily exhibited to the Physical Society of London on June 
28, 1879, on the occasion of his reading a paper entitled, " A 
Mode of Producing Arago's Rotations." 

Down to that date the only mode of producing the Arago- 
lotationa of a copper disk had been by rotating beneath it a 
Bteel magnet. Baily, instead of rotating any material magnet 
below the disk used a fixed electromagnet, but caused its 
m^netism to shift progressively between four successive 
poles, thus producing in the copper disk pivoted above them 
eddy-currents, which by their reaction gave the disk a 
mechanical motion in the direction of the pn^ression of the 
poles. 

The disk in this primitive model is about 2B inches in 
diameter ; the four magnet cores are about 4 inches high, 
joined to a common yoke ; and each is wound with about 150 
toma of insulated copper wire 2-5 mm. in diameter. The 
coils are connected two and two inserles, like two independent 
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lioiseshoe m^nets Bet diagonally across one another. The 
two circuits ai-e brought down separately to an ingenious 
revolving commutator built up of a simple arrangement of 
epiings and contact stripy mounted on a bit of wood, with a 



Fig. 88.— Walter Bailbt'b PoLYPHAaa Motob (1879). 

wire handle by which it is turned. On rotating it, the cur- 
rents from two batteries are caused to be reversed alternately 
in the two circuits, giving rise to the following successions 
of polarity in the four poles : — ■ 
KO' MN OK JSS SO 

OS & % so ^N ON 

and so forth. Mr. Daily had very clear views as to how far 
this really represented a rotatory magnetic field. His own 
words are as follows : 
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" The rotation of tlie diak m due to lliat of the magnetio 
field in which it is suspended, and we sliould expect tliat if a 
similar motion of the field could he produced by any other 
meiitis the result would he a similar motion of tlie disk. 

'* Possibly the lotatiou of tiie magnet may be the only 
practicable way of pi-oducing a uniform rotation of tlie field ; 
but it will be shown in this [mper thiit the disk can be made 
to rotate by an intermittent i-otation of the field effected by 
means of electromagnets." The author then goes on to 
discuss the result of the increase in strength, of a pole while 
a neighboring pole of the same sign decreases in strength, 
and suggests that if a whole circle of poles Vere an-anged 
under the disk, and successively excited in opposite pail's, the 
series of impulses all tend to make the disk move in one 
direction around the axis; adding: "In one extreme case, 
viz. when the number of electromagnets is infinite, we have 
the case of a uniform rotation of the magnetic field, such as 
we obtain by lotatiug |>ermaneut magnets." He then returns 
to the i^-A^a of his actual model with two pail's of poles a a' 
and fi !>', and points out that if the b V, pair are arranged to 
be reversed before the a a' pair, tlie rotation will be in one 
dii-ection ; whilst, if the b b' pair are revereed aftfr the a a' 
pair the rotation will take place in the other direction. He 
goes on to show how the reveit«il of the dii'ection of i-otation 
may be effected either by revei-sing tlic action of the com- 
mutator, cr by reversing the connections of one of the two 
Ihitteries. The diagnun accompanying the original paper 
suggests that the cores should be of lamuiated iron ; but those 
of tlie actual model are solid. In a final paiagraph the author 
remarks that the et¥uct on the disk might be much increased 
by placing four other electromagnets above the dink, each 
opposite oue of tlie lower magnets, and connected with it so 
a.s to present an opposing polarity. 

The model runs exceedingly well when four dry cells are 
used to excite the electromagnets. 

On the occasion, now fifteen years ago, when the paper was 
read, and the model shown, tlie late Prof. Guthrie asked 
jokingly how much power it was expected that tlie motor 
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would give. To which Mr. Daily luodestJy i-eplied that at 
present he could only regai-d it as ft scientific toy. 

Retearchet of M. Marcel Dfprez. — In I88O, M. Marcel 
Deprez brought before the Soci€t6 Fian^ise de Physique a 
paper upon tbe electi'ic synchronization of I'otntions, in wbicb 
artificially produced 2-phase eurrentii were transmitted from 
a rotating commutator to a syncbronous motor consisting of 
two sliut tie- wound armatures set on one shaft, eacb one lying 
between the poles of a borsesboe magnet ; one of them being 
given an angular lead of 90° relatively to the other, so that 




Fio. M— Marcel Deprez'S Apparatti. 

there could be no dead [>ointa. Fig, 90 shows how the currents 
were transmitted from the battery to the two armatui-es. 

This apparatus resembles that of Baily only in requiring a 
2-pliase system of cun-ents to opei-ate it. Both will openkta 
either with the artificial 2-phase currents produced by such 
commutatoi's from a battery, or with 2-phase currents pi-o- 
duced inductively in a periodic maimer. They differ, how- 
ever, totally in operation. Deprez's is a mere combination 
of two ordinary motoi'S at right angles, so as to have no 
dead-point. Tliere is nowheie embodied in it (lie [ninciple of 
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the roUitoi-y magnetic field. Whereas Baily's iitobor possesses 
as its main feature the progressive shifting of a magnetic field 
in regular order round a centre, and develops currents by in- 
duction in a rotating metal mass without sliding contacts or 
commutator. 

Three years later Deprez laid down the important 
theorem which we have discussed on p. 60, as to the pi^o- 
duction of a tiue rotatory magnetic field by the combination 
of two alternating currents, having as their diSerence of phase 
a quartei' period. 

Depiez's theorem bore no fruit: it remained a geometrical 
abstraction. 

Re»earehea of Profe»gor Q. Ferrarit. — In 1887, several in- 
vestigators were independently at woik. 

Professor Galileo Ferraris,' of Turin, had already in 1885, 
arrived at the same fundamental ideas as those of Baily and 
of Deprez. But the result was more fruitful, inasmucli as he, 
witliout knowing of the work of either, united both sets ol 
ideas. Like Baily he proposed to produce rotation of a copper 
conductor by means of eddy-currents induced in it by a pro- 
gressively shifted magnetic field ; and this progressively 
shifted magnetic field he proposed to generate as a true 
rotatory field by combining at right angles to one anothei 
two alternate currents which differed by a quartei^period 
from one another. 

In 1885, Professor Ferraris constructed the motor depicted 
in plan in Fig 91, which was not, however, publicly shown 
till 1888. It was exhibited in 1898 at the World's Fair at 
Chicago. It coi isted of two pairs of electromagnets A A 
and B B', having i. common yoke made by winding iron wire 
around the exterior. Two alternate currents differing in 
phase were led intc these two circuits, and the pivoted cen- 
tral body was observed to revolve, 

Ferraris's first publication was in March, 1888, entitled 
Mlectrodynamic rotations produced hy meant of alternate cur- 
rents. After expounding the geometric theory of the rotatory 
magnetic field, he suggested tliat a simple way of procuring 
the desired phase-currents would be to branch the cireuit of 

iFerreriB, "RoUztonl elettrodynamlcbe," Turin Acad., March, I8S8. 
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an alternate current into two parts, into one of which should 
be inserted a reaistance without self-induction, into the other 
a coil of much aelf-inductioa but of small reaistance. The 
two windings of the motor should be respectively inti-oduced 
into these two branches. The difference of phase thus pro- 
duced would be suflBciently near to 90" to be effective. He 
expressed the opinion that in this way one might obtain all 
the effects that can be obtained by the rotation of a magnet. 
He then described the following experiments which were 
made in the autumn of 1885. , 




Fio. 91.— Ferraris' Motor (1 



Fio. 03. 



Two flat coils, one of thick wire, the other of thinner wire, 
represented diagramraatically at A A and B B of Fig. 92, were 
Bet at right angles to one another. Into the first was brought 
a current from the primary of a Gaulard's transformer, and 
into the second the current from the secondary, with more or 
less non-inductive resistance. In the central space was 
suspended a smal[ hollow closed cylinder of copper. If the 
current was turned on in one only of the two windings the 
cylinder remained immovable, but on turning on the second 
current it at once began to rotate. The sense of the rotation 
could be reversed by simply changing, with a re versing-s witch, 
the connections of the second coil. The same results were 



D,n,t,z9dbvGoOgle 



90, Polyphase Electric Currents. 

found to follow when a cylinder of iron was substituted for 
that of copper. A laminated iron cylinder built up of insu- 
lated disks also turned. Then followed suggestions for con- 
structing alternate current motors on this principle but of 
modified form ; for, as Professor Ferraris remarked, it was 
evident that a ^otor thus made could not have any importance 
a3 a nie<ins of industrial transformation of power. He there- 
fore designed a larger model, having as its rotating part a 
copper cylinder weighing 10 lbs., having a length of 18 cm. 
and a diameter of 8-9 cm., borne on a horizontal shaft 1 cm. 
in diameter. It was surrounded by two sets of coils A A and 
B B at right angles to one another ,a3 in the Fig. 93. It was, 

however, of but small power. Fer* 
* ^ raris discussed the elementary tlieory 

of the apparatus, pointing out that 
A ^ the inductive action would be pro- 

portioiml to (he tUp, that ia to say to 
* * the difference between the aognlar 

velocity of t)ie magnetic field and 
g ^ that of the rotating cylinder, that the 

induced current in the rotating metal 

would also be praportional to this ; and 
tliat the power of the motor is proportional jointly to the slip 
and to the velocity of the rotating part, Ferraris also sug- 
gested measuring instruments for alternate cun-ents based on 
this principle. Lastly lie succeeded in producing i-otation in a 
mass of mercury placed in a vessel in the rotatory field. In 
1894 Ferraris published a further discu-ssion of the theory of 
these motora, which is dealt with in Cliapter VIII. 

Boreti Motor. — In 1887 M. Borcl devised an alternate- 
cunent motor for use in a supply meter, wtiieh was brought 
out as the Borel-Paccaud meter. It was, in reality, a two- 
phase motor, in which the diffeience of phase was produced 
from a single alternating current by using two circuits with 
different time-constants. Upon the two sides of an iron frama 
were wound two coils A A, to give an alternating magnetic 
field in the direction from rigbt to left. Outside the frame 
were wound two other coils B (one of them is removed &om 
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Fig, 94 to show the interior) teuding to jiroduce a second 
alternating field at right angles to the first. In the centre of 
the whole w;i3 pivoted an iron wheel, which wa-i set into 
I'otatiou bj the combined rotatoiy field. 




Pio. 94.— Borel's Motor. Fio. 05.— Coeupeb's Motor. 

Earhj Motors of the Helm Co. of Colo.jne.—hi 1887 the 
Helios Co. constructed in accordance wilh a pat(;]it o£ 
Mr. Coerper,^ some small motors, o£ wliicli some were for 
Zionophiise cujTents, synchronous ami asj-nchro 110ns, while 
another was the 3-pliiise motor depicted in Fig. 95. It had 
three sli^wings on the revolving part to receive a 3-phase 
current. As the motor required three leads, and as at that 
time all efforts to obtain a satisfactory woiking with two 
leads \/ere not successful, the Helios Co. dropped the patent 
in 1890. A later patent of 1801 described a monophase 
motor wilh an additional winding which acts only on the 
iron of the revolving part, and is introduced only during the 
operation of starting. 

Bradley 8 Mot ore. — Amongst the early A""c:ioan pioneers 
of polyphase work was Charles S. Bi-adley, whose work <htte3 
from early in 1887. His U. S. patent, filed May 8tli, 1887 
(No. 390,439), describes a generator with a Gi-nmme ring, 
having four ludial connectors (Fig. 96), led off at four 

•SpedScationof Patent No. n013of 18ST. See also D. R, P.fJiSSof 1887, 
Md T0084 of 18D1. Compare Etci-iruterhninclie Zciteckrift, 1803, p. 82. 
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Eymmetrical points to four Blip-rings. He thus obtained 
two alternate currents differing 90° in phase. The object of 
this arrangement was stated to be to obtain a larger output 
— which is, indeed, true, since the output of a polyphase 
machine is considerably higher than that of any other of 
equal weight. It was also stated that the nmchine could 
be used as a motor, though nothing was said about the 
properties of the rotatory field. Claim 9 runs as follows : — 
**A rotaiy electrio motor consisting of a field-magnet and 
armature and pairs of current-leading devices — such for 
instance as contact rings and brushes — the respective pairs 
being independently connected into the armature winding at 
alternating points of the same, and arranged for connection 



with two independent external circuits." Here was, then, 
in 1887, a polyphase motor unmistakably described. In 
October 1888 (patent No. 404,465) comes an asynchronous 
motor, driven by means of directed eddy-currents in a 
stationary external mass of iron. The rotating inductor 
received 2-phaae currents through four slip-rings. The whole 
principle of magnetic slip is fully explained. 

In a patent (No. 409,450), published August 20th, 1889, 
Bradley describes a similar annjiture tapped at three equi- 
distant points and connected to three slip-rings, thus con- 
stituting a 3-phase system. This machine also was for use 
as either generator or as motor. In another patent of same 
date, Bradley indicates a method of splitting a single-phase 
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altei'nat« curreQb into two of different phases hy use of bis 
TDKcliines. 

JUsearch£z of Nikola Tezla. — The work done by Nikola 
Teala between tbe years 1887 and 1891, is of itself suflScient 
had no other workers been occupied in the same field of 
tesearch, to have established the rotatory-field motor upon a 
solid basis. He arrived in 1886 at the firm conviction that 
some method must exist of driving an armatura by currents 
induced within it, instead of driving it by currents brought 
into it (as in the oi-dinary electric motors), through the agency 
of metallic contacts, commutators and brushes. By October 
1887, Tesla's work was sufficiently advanced for him to apply 
to the United States Patent Office for patents coveringnumer- 
ous points of a more or less fundauientiil character. Other 
applications for patents followed in November and December 
of the same year, but none weie issued from the Patent Office 
until May, 1888, when a whole batch of tliera were grant«d. 

The first of these specifications set forth the general scope 
of Mr. Tesla's ideas. He says, " Though I have described 
various means for the purpose, they involve the same maia 
principles of construction and mode of operation, which may 
be described as follows : A motor is employed i n which there 
are two or more independent circuits through which alternate 
currents are passed at proper intervals, in the manner herein- 
after described, for the purpose of effecting a progressive 
shifting of the magnetism or the " lines of force " in accord- 
ance with the well-known theory, and a consequent action of 
the motor. It is obvious that a progressive shifting of the 
lines of force may be utilized to set up a movement or rotation 
of eitlier element of the motor, the armature or the field- 
magnet, and tliat if the currents directed through the several 
drcuits of the motor are in the proper direction no com- 
mutator will be required; but to avoid all the usual 
commuting appliances in the system I prefer to connect the 
motor circuits directly with those of a suitable alternate- 
current generator." He then proceeds to describe by a 
di^;ram (Fig. 97 which is taken from Fig. 9 of the specifiea- 
ticHi) how a generator is wouud with two separate coils, the 

Q — Vol. 6 
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free ends of whicli Are connected to inauUted contact rings on 
the sliiift. From four brushes tliatpress on the riiiga fourwires 
are led away to tlie motor. Tliis ia, in fact, a simple 2-pliase 
generator, inducing two-currenta in quadrature. The motor 
is shown as a ring built up of core-sheets, having wound upon 
it four coils, two of which are connected in ciicuit with one 
pair of wii-ea, the other two being in tlie other circuit. They 
tenfl to co-openite in paiis to produce magnetic [lolea on 
diametrically opposite pai-ts of the ring. Within the ring is 
pivoted as rotor a disk D of iran, preferably cut away at its 
sides fio as to form an elongated body ; and turns so as to 



convey from side to side of the ring the greatest number of 
magnetic lines. It was found ihat this form was not essential 
to rotation, since a circular disk of iron was also set revolving. 
This phenomenon Mr. Tesla attributed to a certain magnetic 
inertia or i-esistance to shifting of the magnetic lines; and 
deemed this view confimied by the observation ihata circular 
dink of steel is more effectively rotated than one of soft iron. 
In a series of eight diagrammatic figures Mr. Tesla explained 
tlie successive phases through which the coils of the generator 
pass during one revolution, and the corresponding and result- 
ing changes of magnetism praduced in the ring of the motor. 
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The resultant direotioii of the magnetio field shifts pro- 
gi-essively roand (Fig. 98), dragging llie iron disk with it. 

This combination aniouiits then to a 2-phase Bynchi-onoas 
motor not operating by itiduoed currents in the rotor, but by 
ttiii^iietio I'eactioiis, together with asuitabie 2-phafie generator 
for supplying the curi-enU 

Otlier forms were described at the same time. A motor had 
a drum armature wound with two ooils atright^nglea, to which 
the Gurrent» were brought by four 
slip rings. Tliis armature revolved 
between the two parts of an ex- 
terior shell of iron or steel, which 
to prevent eddy-currents (I) was 
preferably to be laminated. It 
was not wound, being monetized 
solely by the polarity of the armi^ 
ture. Then followed a S-pbase 
generator and motor on similur 
lines to the 2-p1iasegenemtor and 
motor first described. Tlie gene- 
lator Iiad tln-ee revolving coils and 
t.x slip^Ings. It was connected 
by six line-wires to the ring of the 
motor, which had six coils v/ound 
npon six inwaid pointing poles, 
. constituting a 2-polo field with 
thi'ee phases. The roloi- waa as jio. oe. 

before adisk or cylinder of iron cut 

away on two sides to form an elongated body. The nextform 
described was a 2-phaae combination, having in the gener-itop 
a revolving magnet and two pairs of fixed armature coils, while 
the motor had as before a cut-away disk o£ iron as rotor, 
surrounded by two fixed coils set at light angles to one an- 
other. A form of motor was shown having arrangements for 
bringing tlie S-phase currents to its revolving windings as 
well as to windings on a fixed external ring. Itwas found to 
be advantageous in the case where an external iron shell or 
fixed magnet was employed to give this a fixed magnetio 
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polarity by separately ezcitiog it with a continuous curreut 
These motors were of coarse synchronous. Tiansformers for 
currents such as were used iji these systems were made 
by winding a set of primary and a set of secondary wires 
npou the same ring of laminated iron, in which the mag- 
netism underwent a progressive shifting of polarity. In 
November came the fii-st suggestion of a real iiiducliou motor. 
Hitherto Mr.Teslahad produced and maintained the rotation 
by the " direct attraction " of the magnetic elements of the 
motor. "I have discovered," he says, "that advantageous 
resultsmay be secured in tiiis system by utilizing the shifting 
of the poles primarily to set up cun-ents in a closed conductor 
located within the influence of the field of the motor so that 
the rotation may result from the reaction of aneli currents upon 
the field." He placed within the ring that was to generate 
the rotatory magnetic field, a soft iron cylinder or disk, carry- 
ing two coils of insulated wire wound at right angles to one 
another, and having their respective ends joined so that each 
formed a sepai-ate closed circuit ; this was placed on an axis 
mounted on hearings. In another form the rotor was formed 
of an iron core, built up of disk to prevent eddy-currents, and 
enclosed within external coils or conihictors, " applied to the 
cylinder longitudinally," fonned into one or more independent 
circuits around the core. If copper plates were tlius em- 
ployed they were to he slotted longitudinally. This construc- 
tion, using induced closed circuits on the revolving part of a 
motor wound for a progressive shifting of the magnetic 
polarity, was broadly claimed. The still wider claim of the 
discovery of a new method of electrical transmission of power 
must be given in Mr. Tesla's own words : — 

" I am aware that it is not new to produce the rotations of 
a motor by intermittently shifting the poles of one of its. 
elements. This has been done by passing through independent 
energizing coils on one of the elements, the current from a 
battery or other source of direct or continuous currents, 
reversing sqch current by suitable mechanical appliances, so 
that it is directed through the coils in alteroately opposite 
directions. In such cases, however, the potential of the 
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energizing currents i-emninB the same, their direction only 
being changed. According to my invention, however, I em- 
ploy true alternating currents; and my invention consists 
in the discovery of the mode or method of utilizing such 
cun-enta. 

" The di£ference between the two plans and the advantages 
of mine are obvious. By producing an alternating current, 
each impulse of which involves a rise and fall of potential, I 
reproduce in the motor the exact conditions of the generator, 
and by such currents and the consequent production of 
resultant poles, the progression of the poles will be continuous 
and not intermittent. In addition to this, the practical diffi- 
culty of interrupting or reveraing a current of any considerable 
strength is such that none of the devices at present could be 
made to economically or practically effect the transihission of 
power by reversing in the manner described a continuous or 
direct curi'ent. In so far, then, as the plan of acting upon one 
element of the motor is concerned, my invention involves the 
use of an alternating as distinguished from a reversed current, 
or a current which, while continuous and direct, is shifted from 
coil to coil by any form of commutator, reveraer, or interrup- 
ter. With regard to that part of t!ie invention wliich consists 
in acting upon both elements of the motor simultaneously, I 
regard tlie use of either alternating or reveraed currents as 
within the scope of the invention, although I do not consider 
the use of reversed currents of any practical importance. 

" What I claim is— 

" Tlie method herein described of electrically transmitting 
power, which consists in producing a continuously-progressive 
shifting of tlie polarities of either or both elements (the arma- 
ture or field-magnet or magnets) of a motor by developing 
alternating currents in independent circuits, including the 
magnetizing-coils of either or both elements, as herein set 
forth." 

In April 1888, Tesla finds he can use a common return in 
a 2-phase system, and so reduces the four wires to three. He 
also sliows how to take off 2-phase currents from an ordinary 
continuous current dynamo, by providing it with four slip- 
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rings which are severally joined to four symmetiical points 
on its CO in nm tutor. Pfisaiiig on to geiienitors whjch (like the 
well-known Tliomson-Houeton arc-light dynamo) have three 
coils united at a common joint, with tlieir free ends connected 
to the segments of a commutator, Tesla shows that by con- 
necting eiich of the three ends to a aepiinite slip-iing with 
collecting brashea, tliree alternating cunenta can be taken off. 
These will be in three symmetrical phasea. He suggeata that 
in thia case the motor or tiuns- 
former should also be fur- 
nished with three energizing 
coils placed sym metrically. 

From ail early period in his 
researches Tesla seems to have 
grasped the Importance of 
multipolardesigng inredwcing 
the speml. In May, 1888, lie 
already had multipolar syn- 
chronous motors, and later 
this feature developed. Fig, 
99 shows a design of a 4-pole 
field having four polea in 
Fio. 99.-M(t:.tipolar Design. *''« ^ ciicnit (alteinately N 
and S poles), and four inter- 
mediate poles in tlie B circuit. In such a Ciise the progres- 
sion of the field is not a uniform rotation. The field of a 
pole at A docs not shift round to the noxt pole at B. What; 
happens is that the magnetism of the A pole dies out, while 
fresh magnetism grows in the neighboring B iiole. 

In April 1889, Tesla describes methods of operating two- 
phase motors from an oi<linary (single-|ih!ise) alternate cur- 
rent, by using the device of ^flitting th& phase, for starting 
synchronous motors; putting the two sets of coils in parallel 
with a non-inductive resistance in one hi-anch {Fig. 100), and a 
self-inductive resistance (or choking-coil) in the other branch. 
When the motor has started these are cut out ; but the motor 
continues to revolve as a synchronous motor. This device was 
not claimed generally by Tesla, and wisely, since it had already 
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been used by Ferraris (p. 89); but be claimed it as a means of 
starting a syQcbrouoLta motor. His woida are : — " I believe I 
am the firat to operate electromagnetic motors by alternating 
currents .... by producing a progresijive movement or 
rotation of their poles or points of greatest magnetic attrac- 
tion by the nlteniating cuiTents until they liave reached 
a given speed, and tlicii by the same currenta producing 
a simple alternation of their poles, or, in other words, by a 
cfbangfl in the order or character of the circuit connections to 
convert a motor operating on one principle to one operating 
on another for the purpose described." None but synchron- 
ous motors appear to be contemplated. 



Fio. iftO. — PHASS-aPLnrwo Df;v[<;e. 

This was followed by other pitents for various species of 
split-phase motors, includinjr one illustrated in Fig. 101, in 
which there are two sets of coils to be united in piuallel to 
ordinary alternate-current mains. The coils of one set were 
wound of thick wire on long iron cores, having much self- 
induction and small resistance ; the others were wound on 
Tery short poles witb (vire of high resistance. The i-esnlt is 
to retard the currents tliiougli the former as compared with 
the latter, and so establish a progressive shifting of polarity. 
Sundry other forms were devised between 1889 and 1891, 
when the series closed witli a form of six-pole motor, in which 
the desired difference of pliase was produced in one set of 
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coils by the use of a coDdenaer excited by currents in a 
secondaiy winding. This important series of patents passed 
into die possession of the Westinghoase Company. Fcur 



Fio. — 101.— Sput-phabe Hotob. 

fuller accounts of Tesla's work see his lecture of May, 1888, 
before the American Institute of Electrical Engineers; also 
the volume on Tesla's Inventions by Mr, T. C. Martin. 

ffaselwander'» Motors. — In the summer of 1887, Hasel- 
wander, an engineer of Offenburg (Baden), constructed a 
3-phase machine of about 10 hoise-power, having a stationary 
ring-armature 40 centimetres in diameter, wound with 12 coils, 
and an internal revolving 4-pole field-magnet. It had also a 
commutator to excite its own field-magnet. It was exhibited 
in 1891 at the Frankfort Exhibition. Haselwander's leading 
idea was as follows: — Every ordinary dynamo or motor for 
continuous currents really generates in its successive groups 
of coils alternating electromotive-forces in different phases ; 
and the commutator serves to change these polyphase currents 
into an overlapping succession of uni-directional currents. 
In the transmission of power by means of continuous currents, 
two such continuous-current machines are joined together by 
two conducting lines. The pulsating continuous cuiTent given 
off by the primary machine (or generator) is again resolved 
into its components by the commutator of the secondary 
machine (or motor), and returns to the form of a series of 
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polyphase alternating currents. So nov the idea occurred to 
the inTentor to suppress the two similar but converse operations 
of first unitipg and commuting, and then of commuting back 
and resolving the polyphase currents generated in theeeparate 
\ of the armature. Thus one anivea at polyphase 



Fia. 103.— Haselwander's Motor (1887). 

transmission of power and suppresses the commutator and 
brushes, except so far as these may be used in an auxiliary way 
to divert a small fraction of the currents to excite the field- 
magnets. The grouping of tl»e coils was that of a star, hut 
tlie coils were provided with terminals which enabled the 
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individual coila in each of tlie tliree phases to be grouped 
eitlier in series or in parallel. Eacli of tlie 12 coiU Lad 
52 windings of 1-52 millimeter wire. A current of 24 ani^ieres 
at 100 volts could be taken o£f in each plia»e, at 960 revolu- ' 
tioiia per minute. This macliine is descril>e(l in a lecture by 
Dr. J. E[)steiti, in the Elektrotechnisehe Anzeiger. 1891.' 

Wihoi^t Motor. — In a patent specification (No. 18525 of 
1888) E. Wilson descrilfes a 2-phiwe motor having an armi^ 
ture of ling or drum type, with commutator. Two-phiise 
currents 'W<M'e supplied to both fielil-magjteis and armature, 
the direction of robitioii being controlled by the position of 
the bi'ushes, 

WenntrOm'g Motors. — The late Mr. "Wenstriim iti 1890 
took out a British patent (No. 5423 of 1890) f^u- a 3-pbase 
system. IIo dtsacrilKJs, and gives a remarkably clear wiiidiiig- 
diagnun of a S-pluiaa generator. lie proposed to join up tlia 
tliree windings in star twhion. A 8-phasu tniiisformer and a 
S-jihase motor are also included in the specification. 

M. von Dolivo Dohrowohky'' a Jlenearchea.—H. von Dolivo- 
DohrowoLsky is one of the cliicf electricians of the Allgcmcine 
Elektricitiits-Gesellschaft of Berlin. To Iiim we owe the 
term "Drehstroiu" (nri'^inaily applied to a S-phaso system), 
to denote .a polj'phaso system of currents. 

The first of Duhrowolsky's' British patent; speeifieationa 
(No. 10933 of 1889) relates to the rotoi-s of polyphiwe 
machines, and rofciy spcfifically to the production by 
Peri-iiris of robvtory fields in which conducting bodies are 
a<iteil upon by eddy-currents iudiiceil in thcni. The pro» 
posal was to use as rotor an iron body in which there are set 
conductors or veins of copper, bai-s or strips, ari-Jinged so as ta 
bo ti-ansverse both to tlio direction of rotation and to the lines 
of the field; these conductors orstripsbjing short-circuited at 
their ends. The di-awingashowsimple forms of ahort-eircni ted 
rotora (including a "squirrel-cage") with acdid iron iHKlies. 
The next two patents (19504 and 19555 of 1889) relate 
to a form of polyphase generator and to a 3-[)hiise tran*. 

) See also the official report of the Eleotmledinical Kxliiliilitinnt Fniik- 
tortof 1801 (p«b. 1803), p. Wl; a.Uo Eleklroleehnlat:he Zi-it^cliri/l, 18!(1, pp 
MO and 600. 
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former. The latter had a S^branclied core ; the magnetio 
ciroait forming a star-coinbination. 

la August 1890, oomes specification No. 13260 of that 
year, vitb the device of adding to the commoQ junction of a 
S-phase (or n-phase) sj^tem a common return, so aa to render 
the three (or more) circuits independent of one another, and 
with regulating apparatus to control the pressures in each of 
the cii'cuits. Two 3-phase adjustable auto-ti-ansformerit are 
described, one of them being for long-distance work ; and a 
combination of three separate transformers is also described. 

3pecitication No. 20425 of 1890 describes a Uininated rotor 
wound with insulated coils; and after pointing out how, at 
starting', the reaction of the rntor currents interferes with the 
field produced by the primary currents and diminishes the 
torque, proposes the method of introducing into the rotor 
circuit resistances capable of regulation. Liquid resistances 
are shown in the drawings. 

In specification No. 3191 of 1891, Dobrowolaky shows 
polyphiise tmnsformers for changing currents of any number 
of different phases into a 8-phase system, togetlier with 
methods of transforming 3-phase currents in to a lai^er number 
of phases. And in No. 13503, of the same yciir he describes 
his method of obtaining currents of intermediate phase by 
combining mesh and star systems. For instance, he showed 
how in a 3-pliase system six pliases of oniTcnts could be pro- 
daced from the thiee line-wires by six coils, three of wliich 
were in series sevemlly wiLh the three lines, and the other 
three joined as shutits across the lines; all six coils being 
spaced out properly on the inductowjore. By the introduo* 
tion of these intermediate phases, Dobrowolsky proposed to 
make the torque (which in the absence of reactions from the 
rotor would fluctuate between certain maximum and minimum 
values in each complete period) more constant. In a targe 
number of figures these various modes of concatenation of 
circuits and phases were elaborated. 

Polypha»e Work at the Frankfort Exhibition, \%^\. — No 
record of the development of poljrphase currents would be 
complete without a reference to the Electrotechnical Ezhibl' 
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tion at Frankfort ontheMainrntheBuminerof 1891. Tboagh 
nominally an International Exhibition the exhibits were 
mainly by German firms ; and the feature of greatest interest 
vers the polyphaae apparatus contributed by many firms. 
The offioial report * ^res many illustrations of these, together 
with the tests carried out during several months by the jury 
of experts. The following notes as to the exhibits of this class 
are extracted from tliis report. 

Messrs. W. Lahmeyer & Co., of Frankfort, sent out from 
their model central station in the Machine-hall a 8-phase 
current at 75 volts, which worked several 8-phase motors, 
Including the historic machine of Haselwander (Fig. 102, 
p. 101), a 10 horse-power synchronous motor of the ordinary 
4-pole Lahmeyer type, but provided with t^ree slip-rings 
instead of the usual commutator, and a number of smaller 
motors. 

Messrs. Schuckert & Co. had two large 2-plia8e generators 
with armatures of their well-known flat-ring type, provided 
with slip-rings. One of these machines was in the Machiue- 
ball and furnished power to the pumping station on the Mniii ; 
the other, situated more than a mile away, at the Palm-garden, 
suppliedpower to the Distribution-hall in tlie Exhibition. As 
the ring-winding of these armatures was joined up in a mesh 
(Fig. 62, p. 44), it was necessary to employ two independent 
circuits with four lines in total; but by the introduction ot 
transformers (compare Fig. 155, p. 179), it was possible to 
nse a S-wire system of transmission to a distance. Similar 
machines, with constantly-excited field-magneta, were used as 
motors. They ran synchronously, and with a greater output 
than if used aa asynchronous motors without separate exciti^ 
tion. The 25 horse-power machine used as motor in the Ex- 
hibition had, indeed, an auxiliary commutator to enable it to 
excite ita own magnets. The 50 horse-power motor at the 
pumping station was separately excited. The transformers 
employed were also of flat-ring form, the coils being wound 
in grooves planed out from a core built up of hoop-iron ' 
wound up in a close spiral, 

'Allgemelner Serickt Sher die InternatioruiU EleklroleehnUcha 
Au—tellHny in FranifuH am Mala, 1891, 2 vols., publlalied Pntnkfort, 1803 
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Messi?. Siemens & Halske showed some small &-phase 
motors, one type having a closed-circuit rotor; another having 
a rotor provided with a commutator into which the S-phase 
oun'eiitd we^e led bjr three equidistant brushes after having 
traversed the three oii'ouits of the windings on the stator. 
The; also exhibited two 3-phase genenitors ; one resembling 
their ordinary alternator, having as armature a set of 24 
bobbins (in three series of eight bobbins each) levolving 
between two crowns of 16 alternate poles ; the other on the 
lines of their ordinary continuous-current dynamos, having a 
drum armature connected at three equidistant points of the 
winding to three slip-rings. 

The Allgemeine Elektricitats-Gesellschaft, of Berlin, had, 
in conjunction with the Oerlikon Machine Company.of Zu- 
rich, undertaken the striking demonstration of long distance 
transmission of power, at high voltage, from Lauffen to Frank- 
fort, which is further desciibed below. This was a S-phase 
(or BO<;allcd Drehttrorn) ti-ansmiasion. The 100 horse-power 
motor in the Exhibition, which received current from LaufEen 
110 miles away, was employed to pump water to supply an 
artificial waterfall. It is depicted in Fig. 104, p. 108. A 
smaller 3-phase motor ' of about 8 horse-power, used to drive 
a small continuous-current dynamo with b load of lamps, had 
a construction the inverse of that now usual in induction 
motors. The currents were led by three slip-rings into a re- 
volving armature, whilst a stationary external part, consisting 
of iron core-rings furnished with closed circuit winding, con- 
stitutedan induced field-magnet. A still smaller motor with 
induction rotor without contacts served to drive a small fan. 
Other motors exhibited at the same place by the Oerlikon 
Company, constructed from Brown's designs, had the now 
usual construction of a fixed external armature built of coi-e- 
ringa pierced to receive the windings ; whilst the rotor was 
also built of pierced core-rings with a simple copper circuit of 
bars short-circuited with two eud-rings like a squirrel-ct^. 
One of these, of 20 horse-power, at 1200 revolutions pez 
Blinnte, weighed only 420 kilogrammes. 

1 Now In the lab(«atoi7 of the Technical College, Plnabmy. 
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THE LADFFEN-FRANEFORT TRAKSHIBStON. 
At Laufien, near Heilbi-onn, the River Neckar has a fall 
of about 12 feet. The power had for some years been 
partially utilized for n cement factory ; of the 1500 available 
hoffie-power about 1200 was taken up by turbines, but enough 
remained to fomiBh 200 or 800 horse-power, and it was pi-o- 
poaed to atilize this for lighting the town of Heilbronn ti miles 
distant. While this project was under consideration, came 
tlie sn^estioii, ia the autumn of 1890, to seize tlie opportu- 
nity afforded by the Fi-ankfort Exhibition to show what could 
be done in the way of transmitting power to a long distance at 
high voltage, and at the same time to demonstrate the ad- 
vantagra of the Drehntrom or polyphase system. Lauffen 
is 110 miles fi'om Frankfort. To transmit, as was proposed, 
100 horse-power throngh three copper wires, each only 4 
millimeti-es thick, and wi tli an efficiency of at least 76 per ceat^ 
necessitated the employment of a pressure of no le^ than 
8000 Tolts. This tour deforce was neyertheleaa accomplished. 
The engineer of the line and of the Lauffen generating station 
was Mr. Oskar von Miller, of Munich. With him were asso- 
ciated in harmonious action two great commercial fii-ms, the 
Allgemeine Eiektricitats-Gesellscliaft, of Berlin, and the 
Oerlikon Maschinen-Fabrik, of Ziiiicli. They had the cordial 
co-operation of the Imperial German Post Office in tha 
diScult task of laying out and constructing the line.* Tha 
copper wire was lent for the purpose by the fii"m of Hesse, in 
Hedderheim. The two generators, designed by Mr. C. E, L. 
Brown, and constructed by the Oerlikon Company, are de* 
scribed on p. 27. Each was capable of fuinishing three 
can-ents, each of 1400 amperes at about 55 volts, the frequency 
being 40 periods per second. At each end of the line 8* 
phase tranafonnei-s were used : at Lauffen to raise the pres* 
■Bore to 8500 volts, at Frankfort to reduce it back to about 
■ A mapof tberonte.together with detailed descriptions of tli" macltliietT 
and line, uid (rf the tests made by the experts of the commlsBion imder Prof 
B. P. Weber, of Zurich, will be found Id thevolmnea of the Official Bepoit, 
pobllBhed at Frankfort In J893. 
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65 Toltfi. These transiormei-s (some built in Berlin, otiiera in 
-Oei'likon) n'ere immersed, for better insulation, in oil. Theii 
outward form resembled tbat of the Hoclifelden ti-ans formers 
in Fig. 44, p. 88. The oonnections of both low-pressure and 
bigh-pressure windings were star-wise, the common junciioas 
being earthed in ererj case. Fig. 103 gives a diagram tlmt 
is self-explanatoty. Tlie lines were carried on about 3000 
poles at a height of about 25 feet, each pole supporting; three 
porcelain insulators with internal rims for holding oil. It 
crossed territories of four governments, Wiiitemberg, Baden, 
Hesse and Prussia, following generally the route of the 
Keckar IlaUway, but avoiding the long tunnel through the 
Odenwald at Krahlberg, by going over the mountain. The 




Pio. 104.— Cisbmrs op the Laoffes-Frankfort Tkassmssion. 

total weight of copper in the lines was about sixty t(ma. 
The construction of the line was carried out under the direc- 
tion of Mr. Ebert, Telegraph Inspector of the Imperial Post 
Office, which cooperated with the WUrtemberg Royal Post 
andTelegraph Service in this undertating. Tlie Post-master 
Genei-al of tue ^Terman Empire, Dr. Von Stephaii, took a 
great pemonal interest in the work, and by his influential 
support contributed much to bring it to a successful issue. 
On August 24, 1891, the line was handed over by the oEBcials 
to theOerlikonandAUgemeine Companies, and the following 
day lam]}3 in the Frankfort Exhibition were lit up by the 
power from Lauffen. In the exhibition there was a 100 lioi-se- 
power 8-phase motor (Fig. 104), designed by von Dolivo- 
JDobrowolsky, and consti-ucted by the AUgemeine Company, 
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and other smaller motois, to which allusion has already l>een 
made above. This motor worked a centrif ogal pump, taking 
aboat 60 horse-power, rtuslng water for an artificial waterfall 
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about 88 feet High la the grounds of the exhibition. la 
addition to these motors, there were about 1000 glow-lamps 
operated by the cun-ent so transmitted. 

Great BoeptaoiBm prevailed at first as to the probable 
result of the traosmission under the novel conditions of using 
Buch very high voltages over so long a line, and with poly- 
phase currents. It was anticipated by some that the efficienoy 
would be greatly reduced by possible disturbances due to the 
capacity of the lines acting aa condensers, or to leakage over 
the 10,000 insulators on which the line was supported. la 
private, some who were very closely connected with the enter- 
prise expressed their feazslest the efficiency should fall belovr 
60 per cent., and at one time thera was some apprehensioo 
lest the jury would not be allowed to make full tests. How* 
ever, as experience was gained these fears were found to be 
empty. The elaborate tests carried out by the commissioa 
in the autumn months, mostly at about 8000 volts pressure* 
showed that the energy given out eleotrioally at Frankfort 
was as much (on the average ) as 74 per cent, of the energy 
given by the turbines at Lauffen to the generator. The 
various sources of loss were ascertained and carefully mea> 
Bured, and the results of the varioua tests embodied in 
Professor Weber's report. It concludes with the following 
BumniHry : — 

1. In the Lanffen-Frankfort plant for the electric trans- 
mission of energy over a distance of 170 kilometres, by means 
of a system of alternating ounents, with a pressure of 8500 
to 7500 volts, and bare copper conductors insulated by oil 
and porcelain, the lowest output in the tertiaiy circuit at 
Frankfort was 68-5 per cent., and the liighest - output was 
75-2 per cent., of the energy given out by the turbine at 
LaufFen. 

2. In this transmission to a distance the only cause of loss 
measurable by the instruments was that due to the resistance 
of the circuit (Joule's effect). 

8. Theoretical considerations showed that the influence 
of capacity upon long aerial bare conductors for transmission 
of energy to a distance by alternate currents, under the 
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oonditioiw employed, and with me of 8 frequency of 80 to 40 
periods per second, ia of so entirely subordinate a magnitude 
that it need not be- ooosidered in designing electrio trans- 



4. As the expression of our experience doriDg the fore- 
going measurements for the determination of the efficiency of 
the Lauifen-Frankfort transmission of energy we add, as a 
fourth result : — The electrical running with alternate currents 
of 7500 to 8600 volts in conductors of more than 100 
miles in length, insulated by means of oil, porcelain and air, 
proceeds jast as regularly, safely, and as free f lom disturbances 
as does running with alternate coirente of a few hundred 
Tolts* pressure over conducting wires of a few metres' length. 

In some further researches made later in the year by 
Dr. Kittler and Mr. W. H. Lindley,* extra high pressures, 
exceeding in some cases 28,000 volts, were obtained by 
putting two transformers in series at each end of the line, 
with the following summary result : — The transmission of 
power from Lauffen to Frankfort, with a high pressure of 
25,000 volts (from line to line, or at 14,000 to 15,000 volts 
between lines and earth), and with a frequency of 24 periods 
per second, gave an efBciency of about 75 per cent, with a 
load of about 180 horae-power. 

The Lauffen-Frankfort transmission was much more than 
a mere experiment. It was a daring and successful demon- 
stration not only of the utility of high voltages in the trans- 
mission of power, but of the success of pol3^basd currents. 
As such it marked an epoch in tlio commercial development 
of electricity. It evoked an extraordinary interest through- 
out the continent of Europe, and in Germany in particular. 
One evidence of this is to be found in the circumstance that 
early in the history of the project the German Emperor 
himself made a contribution of 10,000 marks toward tba 
cost of the scheme. 

> Ofibdal Kc^wt of the Frankfort ExUbldon, tl. 4S1. 
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STBUOTDBK OF FOLlfPHABB UOTOBS. 

A FOLYPHAss motor \tm been oonsidered abore as an 
•{^Miatus in which a rotobsy magnetio field prodooes Ar^^ 
zotBtioOB in a moving masi of metal. Bat it may equally 
justly be regarded as a sent of revolTing trsnsfonner, baring 
primary and seooodaiytuionitB wound apoa an iron core; the 
Utter being bo designed as to permit cue of the two copper, 
windings to reToIre. 

If the portion of the motor into which the polyphase^ 
correnta are led in order to prodnoe the rotatory field is re- 
garded as the piimaiy or indnotor, the other portion, whetber- 
mTtdving or fixed, must be considered aa the secondary oi- 
indnoed circuit. 

In effect, the primary ourrenta indnoe correnta in the 
■econdary windings, which are Uien acted upon \sf the 
magnetic field in which they find tbemselTes, and are ao- 
eoidingly driven mechanically. Kegarded thus, it becomes 
erident that to produce the best effeots, the induced cnrients, 
whether called eddy-currents or not, sbonld be provided with 
patlis or condnctors which will Dtilize them to the greatest 
mechanical advantage. If, for example, the current might be 
led through either dL two paths, one of which lay in a weak 
mimetic field where its mechanical effect in aiding the 
iDtation is small, the other lying in a position where at the 
moment when the onrrent is strongest there is a strong 
magnetic field tending powerfully to aid the rotation, then 
obviously it will be advantageous to direct the omrent into 
tlie latter (^ the two palbs. 

Again, tite primary or inductor may stand still, whilst the 
•Boondary or induced circuit rotates ; or the maohine may be 
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designed in the inverse fashion, having a primary arranged 
to revolve while the induced or secondary part stands still, 
and by its reaction drives the primary part. The former of 
these two metlioda has the great advantage, that, since in all 
polyphase motors, except those of the largest sizes, the 
secondary circnit need consist of nothing more than a simple 
ehort-ciroait«d winding, and therefore the machine will need 
no commutator, slip-rings, sliding contacts, or flexible con* 
neotions — a result eminently tending to mechanical simplicity. 
The latter method of design requires that slip-rings and 
contact brushes be provided to bring the currents into the 
rotating part; but enables the resistance of the secondaiy 
closed winding to be readily altered — whioh, however, is no 
great advantage. To the latter class belong a small 3-phase 
machine Fig. 95, constructed in 1887 by the Helios Com* 
pany ; and one of the two motors of the AUgemeine Companjr 
shown at Frankfort in 1891, built from the designs <^ 
Dobrowolsky. Few motors are, however, now made thus. 

In those machines which have a stationary inductor, the 
m^;netio field revolves rapidly, and the rotating part runs up 
to synchronism, or near to synchronism with it, the rai^^etism 
induced in the rotatiog parttending to preserve a fixed direo> 
tion relatively to the metal mass. In motors of the other sort, 
with reTotvingindiiotor, the inductor itselftenda to revolve in 
the opposite sense \a that of the m^netio field which it 
itself generates ; and so tends to produce in the stationary 
secondary mass surrounding it magnetism in a fixed direo* 
tion. Only, however, in the case of actually attaining the 
speed of synchronism does the magnetism in the induced 
part attain to fixity of direction relatively to the mass of 
metal under induction. In all other cases the magnetism 
slowly revolves relatively to the induced masses, with a 
frequenoy equal to the difference between that of the im- 
pressed onrrents and the frequency of the actual motion. 

Bator tmd Stator. — These considerations raise the question . 
vhether either part, the inductor or the induced mass, can 
be truly called an annature or a fleld-magnet. In ordinary 
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dynamos itnd alternators we know that thU question is settled 
not by the accidental circumstance whether the part revolves 
or stands still, but by the criterion whether the magnetism 
preserrea an invariable direction or not with respect to the 
metal mass. In the field-magnet of every dynamo, motor 
and alternator the magnetism is fixed in direction. In the 
armature part of every dynamo, motor and alternator the 
m^netlem changes rapidly with respect to the metal mass t 
the armature of a motor is moreover that part which receives 
the incoming current from the line. 

Hence we may regard that part of the polyphase motor 
which receives the current as corresponding to the armature, 
whilst the other part, lu which the magnetism is neariy fixed 
in direction with respect to the metal masses, corresponds to 
the field-magnet : it is, in fact, a field-magnet which is not 
' magnetized by any separate currents or by any commuted 
part of the current, but is magnetized by the eddy-currents 
which are induced in it. 

However, since the workman has got the notion that the 
revolving part must be called an armature, it is quite common 
to find the rotating part of polypliase motors so desoribed. 
Tet in reality in almost all polyphase motors — for example 
Figs. 167, 169 and 170 — the true armature is the part that 
stands still and surrounds the rotating part. 

To avoid all confusion on this head we shall generally avoid 
the use of the terms armature and field-magnet in describing 
the parts of polyphase motors, and shall call the rotating part 
the rotor, and the stationary part the ttator; the stator wind- 
ing is usually the primary, the rotor winding secondary. 

Both stator and lotor are commonly built up of soft sheet- 
iron stampings, pierced with holes to receive the windings. 
Fig. 105 shows the stampings for the 4-pole, G-horse-power, 
2-phase motor, the full drawing of which is given in Plate I. 
It will be observed that the holes are punched extremely 
near to the external periphery of the rotor and the internal 
periphery of the stator, so that, after machining, no more than 
a mere shred of iron remains, across which little m^netio 
leakage can take place. Other forms are shown in Fig. 36 and 
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Plate II. Fig. 10€.is a section of tlie motor parallel to the 
Bbaft, showing the stampings built up. The rotor ia flanked 
at each end with a stout plate of metal ; in huge motors bolts 
are passed from end to end at some djstarjoe from the ^laft. 
The figure shows the copper rodn passed through paper tubes, 
and ahort^sircuited at their ends by wide Loops of copper, 
which present a large cooliog surface. 

The above remarJt as to synchronism must not be taken 
to mean that the number of revolutions of the rotor tends 
to become equal to the number of periods in the fi'equency 
of the currents. That would be the owe if the field was 
bipolar. But nearly all polyphase motors aie multipolar; 
and the actual speed of rotation is reduced in inverse pro- 
portion to the number of paira of poles in the revolving field. 
For example, if currents of frequency 60 per second are given 
to a motor so wound that its stator produces a revolving field 
of six alternate poles, i. e. 3 paira of poles, the polarity will 
pass 60 times a second through one-third of the circumfei'- 
ence ; or the 6-pole field will complete 20 revolutions In a 
second, and thu tlie speed of the rotor will tend to raise. The 
advantage of multipolar designs is, then, the attainment of 
slow speeds without the use of gearing. 

Structure of the Rotor. — It was remarked on p. Ill that for 
the best mechanical effect the currents induced in the rotor 
ought to be led through paths which are so situated as to 
contribute best to the driving forces. 

Consider the most elementary case — that of the cylinder 
of copper situated in a rotatory field, as in Ferraris's early 
motor. Fig. 92. The effect is equivalent to that produced by a 
pair of magnet poles placed at opposite sides of the cylinder, 
and revolving around it. Suppose the north pole to be in 
front of tbe cylinder (Fig. 107) and to be moving past it from 
right to left (or clockwbe as viewed from above). The 
inductive action will be the same as if the pole stood still 
while the cylinder revolved from left to right. This will (by 
tbe principle explained on p. 6) setup electi-omotive-forces 
in the part which is passing under the pole in a direction 
shown by tbe arrows, upward ; and there will be set up as 
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tbfl result a pair of eddy-currents as indicated in the sketch. 
Now tho mechanical force which a conductor carrying a 
current experiences when in a magnetic field, is always in a 
dii-ectioQ at right angles both to the lines of the magnetic field 
and at right angles to the line of flow of the current. That 
portion of the copper which carries the upward current 
across the field, will be urged laterally to tlie left, whilst 
those parts in which the current is flowing horizontally will 
simply be urged up or down and will contribute nothing to the 
torque. On the other hand the parts bf the copper in which 
the currents are flowing downwards will — if they lie in the 
same magnetio field — experience forces tending to turn in the 
other sense. Clearly, then, a better result will ensue if the 




Ho. lOT.— Eddt-coehkhw 

tolJCBD VX A COBTER CYUSOSSU FIO. 106. 

downward returning currents are led into Bome path where 
they will return across a field of opposite polarity from that 
across which they flowed op. Then they will doubly tend to 
produce rotation. 

As a fii'st stage to this, it wiU obviously be an improve- 
ment (o make in the copper cylinder a number of parallel 
slits, which extend nearly to the ends of tho cylinder as in 
Fig. 108, or to build it up of a number of parallel bars all 
joined together by a ring at each end. Dobrowolsky, who 
appears to have been the first to introduce the latter construc- 
tion under the name of Sehliug-ankery seems to have thought 
tliat the insulation of these bars from the irou core was o{ 
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little importance. He regarded the bara as merely veins of 
copper lying buried in a solid mass of iron, 

An iron core to the cylinder is obviously a great improve- 
ment over a mere copper shell or solid masa of copper, since 
it greatly improves the magnetic circuit and strengthens the 
field ; thereby not only increasing the inductive action of the 
stator, but increasing also the mechanical effect of the currents 
in producing a torque. A solid cylinder of iron will of course 
serve as a rotor, as it is magnetically excellent ; but the high 
specific resistance of iron prevents the flow of induced currents 
from taking place sufficiently copiously \ and a solid cylinder 
of iron is improved by surrounding it with a mantle of copper, 
or by a squirrel-cage of copper bars, or ^iko Fig. 109) bj 




RO. 109.— MODBBH SHOBT-CUtCUTTED ROT(ffi. 

imbedding rods of copper (short<;ircuited together at their 
endswithrings) in holesjustbeneath its surface. But since all 
eddy currents that circle round, as those sketched in Fig. 107, , 
are less advantageous in their mechanical effect than cuirents 
confined to proper paths, and as they, whether mechanically 
advantageous or not, consume power and spend it in heating 
effects, it is still better, as found by Brown, to adopt a still 
more careful method of construction — namely to build up the 
iron core of thin disks or rings of soft sheet iron, to insulate 
them (lightly) from one another, and to insulate them (fully) 
from contact with the copper bars which constitute the con- 
ducting circuit. So we arrive at the form. Fig. 109, of rotor 
which has been so generally employed for small motors, and 
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«ven for quite lai;ge ones, of the squtrrel-eaffe of oopper loda 
imbedded in a lamiuated and insulated iron core, and pro 
vided with a short-circuited ling of copper (or in some 
cases of Genoan silver) at each end. 

But this simple form was not arrived at without ezpen- 
Dient. Some hitherto unpublished researches of C. E. L. 
Brown, made early in 1890, are of great interest on this point. 
Ms. Brown had a number of nngsconstructed,all of the same 




Fia. 110.— EZFERtMEHTAL PORUSWBD BY BROWM, 

internal diameter, wound in different ways, but all adapted to 
receive about an equal excitation by 3-phase cun'ents,and 
fllso a number of different rotors of 199 cm. external diameter 
adapted to run in any of the rings. He was thus able to 
experiment upon the performance of a lai^e variety of oomlu- 
nations, to test their torque when allowed to run at various 
speeds, and to measure their respective outputs of power. 
Fig. 110, which is copied from the drawing used in the con- 
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stractiou of tliiy apparatus at the Oerlikon xrorks, showa in 
four quadrants four of these ring structures, an<l four of the 
expei'imeatal constructions used for the rotor. The four 
rings used were as follows , — 

A Hole-ring, pierced with 24 holes each 18 mm. in di^ 
meter, tlirocgh each of which passed 21 wires. B. Smooth 
ring, an ordinary plain core-ring with winding in two layera, 
there being 24 groups of coils with 19 tunis in eacli coiL 
C. Fine-tooth ring, having 48 teeth with slots between tham, 
9 wires being wound in each slot. D. Coarae-tooth ring^ 
having 12 wide slots, each holding 36 windings of wire. The 
length of these ring-cores parallel to the shaft was 150 centi* 
metres. 

The four different' rotors indicated in Fig. 110 were M 
follows : — a. A solid cylinder of wrought iron pierced with 44 
pairs of holes, h. A massire wronght-iron double-lf form, lita 
a Siemen's shuttle armature, but without any windings upoa 
it. e. A laminated iron cylinder built up of coi'e-disks 
pierced with 30 holes just within the peiiphery, and f untisbed 
with stoat copper rods 10 millimetres in diameter, allsbort- 
circuited at the ends by two copper rings to form a squirrel- 
cage. d. A massive wronght-iron cylinder surronnded byan 
outer cylindrical mantle of copper 4 millimetres thick. Be- 
sides these four were six others of the same size; — e, asimple 
massive cylinder of wrought iron ; /, a massive cylinder ni, 
cast-iron ; g, a massive cylinder of steel ; K, a cylinder of 
witmght iron having four laige holes bored through it (aa 
indicated by the dotted circle at A in Fig. 110); y, a steel 
casting shaped as a cylii>.der with two parallel faces cut away ; 
je, a double-T like }, but built up of laminae of sheet iron j 
and lastly, a cylinder pierced with holes like a, but of mas* 
sive wrought iron, and furnished with short-circuited copper 
conductors through the holes, but without insolatiou. 

Of all these various rotors the laminated doublo-X proved 
the worst — it refused to run under any load. Tbesolid cylin- 
der of wrought iron was much better than that of cast iroa; 
whilst the cylinder with the copper mantle suipassed both, 
whichever ring was used externally. Brake-tests were applied) 
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SB well aa the test of using the motor to drive a small dynsiDO 
of which the output was eleotricallj measured and oootroUed. 
The best form of rotor, whichever ring was employed, was 
found to be the laminated cylinder having the copper 
Bquiiiel cage. 

Of the four rings that with smooth core was found to be 
&e least effective. The fine-tooth and coarse-tooth slotted 
rings gave larger torque than the hole-wound ring, but 
both of these, especially that with coarse teeth, gave rise 
to considerable heating of all the solid rotors, and caused a 
singing noise. Using the hole-wound ring, the masdve 
lotors heated leas strongly, but the squirrel-cage rotor, with 
insulated conductors and laminated core, remained quite cool 
BS to its iron parts, and the copper parts heated but little. 
These results decided the issue in favor of the hole-wind- 
ings, both for rotor and stator, a construction which has einoe 
abundantly justified itself. 

Doubtless other pioneers have gone through similar ex* 
periments. It is of some interest to compare together various 
fimns of winding suggested by different inventors at different 
times. Most of the forms of rotor depicted in Fig, 111 are 
taken from patent specifications, of which the dates are 
added. 

A ia Tesla's torra of 1888, with two closed coils wound 
over ft laminated core at right angles to one another, and is 
suitable for a 2-poIe field. B is a year and a-half later in 
date, and presents a winding suitable for a 4-poIe field. C is 
described also for a 4-pole field, but ia in reality only suitable 
for a 2-pole or a &-poIe field, as tlie coils are wound aoross 
diameters. It is only suitable, in fact, for a field in which 
there is a travelling S-pole diametrically opposite a travelling 
N-pole. For converse i-eaaons the form D which Tesla 
describes for use in a 2-pole field is really adapted for a 
4-pole field. E is a rational winding for a 2-pole, 6-pole, or 
10-pole field, but not for a 4-pola or an S-pole. The form 
shown at F ia a simple Gramme ring wound with a series of 
Boils forming a closed circuit or series of circuits. This would 
be extremely ineffective if merely coupled up in one closed 
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circuit, as the iuduced electroiuotive-forces would oppose one 
another. The same defect is to be noted in the form G, whlcli 
is that propoMd by Mr. C. Coerper, of the Helioe Company, 
in 1887 (see p. 91). The form H is one su^ested by von 
Dolivo-Dobrowolsky in 1889. 

WinSiKg of the Rotor. — It will be convenient here to con- 
tinue the considemtion of the best modes of coupling up the 
conductors of tha rotor, or of winding it, in case it is fur- 
nished with an actual winding of wires. As remarked above, 
it is obvious that the best effect will be obtained by so con- 
necting the ooDdnctoi's that the cun-ente flowing downward 
across a field of one polarity should return upward across a 
field of the ojiposite polarity. In a 2-pole machine, then, the 
loops of winding slionld span across, or nearly acrass, a 
diameter ; whilst in 4-pole machines the span should be 90° 
or so, and in S-polemachinea 60° or so. This condition admits 
of many groupings of the connections, and is not, in ihe case 
of small machines, inc nsistent with the shortKiircuited or 
squirrel-cage form. But there is another consideration to be 
taken into account, particularly in larger machines — namely, 
the advisability of adopting such a grouping or winding as 
will permit of the introduction, at tlie time of stalling the 
motor, of an auxiliary resistance for the double purpose (see 
pp. 143, 197) of obtaining a larger stai'ting torque, and of 
p)«venting too great a rush of current when the motor is 
switched on. 

To give definiteness to the argument, let us consider the 
case of a rotor having 24 conductors carried thi-ough 24 holes 
in the periphery of the core-diaks, and placed in a it>tatory 
6-pole field. If the field is revolving right-handedly witli 
respect to the rotor, and a N-pole is just passing conductor 
,Ko. 1, inducing an upward electromotive-force in it (i. e. one 
tending to send a cun-ent toward the spectator), there will be 
equal and similar electromotive-forces in Xoe. 9 and 17, and 
equal but opposite electromotive-forces in Noa. 6, 18 and 21. 
To piXKiuce the best effect, these six conductors should be 
connected together, and there are several ways of doing this. 
We will regard these six as "similars." 

Method No. 1. — All similars in nenea.—li the six con- 
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doctCHB are all jninod ia series, with a sort of zigzag or wave- 
winding, they will conBtatute a closed circuit. In that ease 
there would be four such closed circuits in the winding, Noa. 
2, 6, 10, 14, 18 and 22, oonetitnting a similar closed ciioait ; 
and the others similarly. 




Method No. S. iSiniilart connected in diametral groups. — ■ 
Let each be connected into a closed loop with its fellow at 
the opposite end of a diameter. This gives three independent 
closed circuits for the six Bimllars, as in Fig. 114, Or, for tlie 
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whole rotor, 12 separate circuits. But if the electromotive- 
forces acting up on one side and down on the other, ai-e 
equal, there is not the slightest reason why the separate loops 
sbonld not be connected at tiieir croesiDg point, as in Fig. 
115. Applying the same argument to the rest of the eon- 
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ductors, this leads to a simple bunching of all the twenty-foor 
conductors together at both ends — they will be all shortKsii^ 
cuited. 

Method No. S. Similara connected in neighboring pairs. 
— Let each conductor be paired off in a closed circuit with its 
nearest " similar." The result will be, as in Fig. 116, to give 
three independent closed circuits, or twelve separate circuits 
for the whole rotor. Obviously it will make no difference 
■whether No. 1 is paired with No. 6 or with No. 21. Hence 
Fig. 117, which shows them all joined together at their ends 
by hexagonal connectors, will be electrically just as effective. 
The legitimate conclusion of this construction is the squirrel- 
cage structure shortKiircuiting all the conductoi's. Methods 
Nos. 2 and S are electrically equivalent to one another, though 
No. 8 is obviously of greater mechanical convenience. 




<y F 



Meteod No. 4. Neighboring eonductort grouped eu gimilars. 
Adopting the leas advantageous plan of ignoring slight differ- 
ences of phase, and treating neighboring conductors as though 
they were simultaneously acted upon, we may combine groups 
of neighboring conductors as though they were similars. For 
instance, in Fig. 118, we may deal with Nos. 24, 1, 2 and 8, 
along with Nos. 12, 13, 14 and 15, and combine them in 
several ways. We may join them into four independent closed 
circuite. No. 24 with No. 15; No. 1 with No. 14; No 2 with 
No. 13 ; and No. 3 with No. 12. Or we may put them all in 
parallel, Nos. 1, 2, 8 and 24, being bunched together and joined 
at both ends to Nos. 12, 13, 14 and 15, also all bunched 
together. Or lastly we may join them in series in one single 
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closed circuit in order, and finaUy joining the last to the first. 
Ill that case the whole of the 24 conductors would constitute 
three independent groups, each consisting of eight conductois 
in series. 

Another mode of grouping, electrically equivalent to the 
preceding, is to combine Nos. 1, 2, 3 and 4, with Nos. 5, 6, 7 
and 8 as returns in a group. In this case also, if the mode of 
combination were in series, the whole of the 24 conductors 
would constitute three independent groups. 

It will be evident that in the case of tiie combining of- 
« similars " in closed circuits, however many of them are 
joined in series or in parallel, the current in each conductor 
will be the same independently of the grouping, because as 
they are joined up in series of 2, 4, 6 or more, ibe total resist- 
ance and the total electromotive-force increase in the same 
proportion. From this point of view, so long as "similars" 
are being dealt with, it makes not the slightest difference to 
the action of the motor whether the gi-ouping is in independent 
circuits, or in series, or in parallel. But when it is desired to 
provide arrangements for introducing into the rotor circuits a ^ 
starting resistance, it then becomes obligatory to nso series 
methods of combining, so as to simplify the number of slip- 
rings and brushes that must be used, to reduce the quantity 
of cuiTcnt that must be handled, and also to minimize the 
influence of the resistance of the contact brushes, etc., after 
the additional resistance has been cut out. 

Method JVb. 5. Ghowping for intertion of t^arting resist- 
ance. — It is usual in cases where starting resistances are to be 
introduced into the circuits of the rotor for the purpose of 
increasing the initial torque, to provide means for leading the 
current out of the rotor by slip-rings and contact-bruahes. To 
avoid complicadonB, it is usual to group the windings star- 
wise in tiiree series, having a common junction, each free 
end being led to a slip-ring on the shaft. From the three 
contactrbroshea wires are led off through tlixee appropriate 
resisluices (frequently a liquid resistance, snoh as water con- 
taining carbonate of soda, with carbon plates as electrodes, is 
used) to a common junction. This constroctiou, which may 
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be oteerved in Plate II-, is used even when the currents 
supplied to the stator are 2-phase as well as when they are 
3-phase. But, for this grouping in three series it is preferable 
that the number of conductors per pole of the revolvhig 
field should be divisible by three. This is not the case in the 
example just considered where we liad a 24-part rotor in a 
6-pole field. With sin 18-part or S6-part rotor, this could 
l>e done. True, the winding can be divided into three 
symmetrical series (iis in method No. 4 above), but the tbiee 



PiQ. 110.— WouKD Rotor of thb Oebukon Coupast. 



series could not be grouped as a star unless a fourth slip-ring 
were added to provide for a common return. 

Fig. 119 illustrates a wound rotor constructed by tlie 
Oerlikon Company. 

One detail i-elating to the squirrel-cage form of construc- 
tion is not without importance. In all the cases where the 
number of conductors on the rotor is such aa to have a 
common factor with tha number of poles in the rotating field, 
there is (more particularly at starting) a tendency for the 
rotor to operate unduly as a mere transformer. Such a form 
of ^paratus as Fig. 120 would form an exoellent S-phase 
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transformer without moving, the rotatory field simply inducing 
Bjnchronous 3-phase currents in the windings of tlie central 
part. Now tlie tendency to turn in tliia case would be ex- 
tremely small. lu all induction motors something of the 
same kind would tend to occur 
if the numl)er of conductors or 
groups of conductors on the 
rotor eorresponrled with those 
of the stator. To avoid this it 
is usual to design the stator and 
rotor with different numbers of 
grou]>s or of conductora, and 
Iti the case where the windings 
are all shoi't-circuited together 
this is carried so far as that the 
numbers chosen shall not even ^"^ ^*- 

have a, common factor. As an 

example see the 2-plia.se motor of Brown, Fig. 105, p. 114, 
which has the stator pierced with 40 holes to receive the 
primary winding, and has as the rotor a squirrel-cage of 37 
bai-s. 

Stru-clnre of the Stator. — The winding of the stator of a 
motor is commonly of the nature of adrum-windingwith the 
conductors passed through holes in the iron as previously 
shown in Figs. 37, 41 and 42, though for small motors it is 
sometimes similar to the winding of a Gi-amme ring as shown 
diagram m at icidly in F-ga. 49 and 57. In considering the 
theory of a mot«r it is usual for the sakeof simplicity to take 
a simple winding like that of Fig. 49, with the field diametri- 
cally across the rotor. It is well therefore to follow the con- 
nectiou between such a diagram and a multipolar drum-wound 
stator such as is commonly found in practice. Fig, 121 is a 
diagram similar to Fig. 49, with only one turn on each cotl 
passed through holes in the iron. Fig. 122 shows the same 
in)U wound in drum fivshion, the directiojis of the current in 
the active conductors remaining unchanged. The dots in the 
holes indicate a current cimiing upwards, the cross a current 
going, downwards through the plane of the paper. 
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Now imagine tlie stator cut through at the line C D, and 
Btrtughtened out into an ai-c of much greater ladius, and a 



Qumber of these straightened pieces put end-on to each other. 
We should then have what ia shown in Fig. 123, which in 
principle is the same as the winding of Brown's 2-phase motor 
shown in Fig. 171. 




The wire in each coil, such as that through the holes 3 and 
6, may go several times round before passing on to the next 
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ime. For instance, the winding in the pai-ticular Brown 
motor mentioned comes up 8 and down 6, then up 8 and 
down 6 again many times, and then passes up 2, being wound 
many times again through 2 and 7 before it passes on to 8,, 
and so on. 

This winding is shown developed in a chart, Fig. 124, with 
only two windings on each coiL 

ProffreBsion of the Field. — ^The way in which the magnetic 
poles progress along the face of a multipolar stator with a 
winding of this kind cau be seen by reference to the Kge. 125 
to 128, in which the stator surface is drawn straight instead 
of curved. 

The holes through whichthe stator conductors pass are rep- 
resented by the upper row of circles, the lower row represent 
the holes for the rotor conductors (but of currents in the rotor 
no account in here taken). An air space is shown between 
the stator and rotor. To distingnish the coils belonging to 
each circuit, the holes for one circuit (which we will call circuit 
No. 1) are drawn with thicker circles than the other. In 
the clock diagram on the left of each figure the thick crank A 
shows the phase of the current in circuit No. 1 and the thinner 
crank B shows the phase in circuit No. 2. In Fig. 125 the 
current in circuit No. 1 is at ite maximum and circuit 
No. 2 is carrying no current. The magnetic lines will 
circulate through the iron in paths similar to those shown by 
the arrows. The mofftietomotise^force exerted by the stator 
coils at each point along the surface of the stator is shown by 
the square-cornered curve below each figure. This is arrived 
at in the following manner I — la the space between the holes 
Tq and 2g there is a certain magnetomotive-force due to the 
current in the conductors 60) 7^, 2 and 8. Its amount at 
any moment may be represented by the projection of the 
ciask A on a vertical line (the current in the coils being 
proportional to this projection). We may therefore draw the 
Une L M equal to the projection of A ; then M N repre- 
sents approximately the m^netomotive-force at each point 
along the snrface between the holes 7^ and 2. Between 
2 and 8 the magnetomotive-force is nil, the conductors 
9 
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OQ one side neutniliziiig the effect of the conductors on the 
other. Between 3 and 6 the foree is reversed and is i-e- 
presented by the curve P Q R S below the zero line. 

In Fig. 126 the phase in advanced by ^ of a period. If 
we draw for the coila of circuit No. 1 a curve similar to tliat 
of the last figure, taking A a, as the magnetomotive-force and 
also a similar curve for the coils of circuit Ko. 2 taking B h. 
as the raagnetoniotive-force, then the sum of these curves is 
that shown below, Fig. 126. 

In Fig. 127 the phiiae is advanced another ^^ of a period 
BO tliat the currents in the two circuits are equal. The sum 
of their magnetomotive-forces ia shown by the curve in this 
figure. Aftel' another -^ of a period the curve would be of 
irreguliir form again like that in Fig. 126, but is not shown 
in the figures. After a further -^ of a period the current in 
circuit No. 1 has sunk to zero and in circuit No. 2 is a 
maximum, so that the curve (Fig. 128) is similar to that of 
Fig. 125 but is shifted forward through the space of two holes. 
At a quarter period later it is shifted on past another two 
conductors and after another half period has passed all eight 
holes and is in the position shown Fig. 125 relatively to the 
next set of coils. The poles in fact have gone through a 
complete cycle. 

Though these curves approximately represent the distri- 
bution of the magnetomotive-force they do not represent the 
distribution of the magnetic flux, for there can be no sudden 
changes such as are represented by the corners in the above 
curves. The natural spreading of the lines of force and the 
fact that they are moving forward cutting conductors, tend to 
wipe out the effect of the corners in the magnetomotive-force 
curve, BO that tlie curve representing the density of the fiux 
at each point will be a round even curve not unlike a sine 
curve; in fact any deviation from a sine curve would be an 
in-egularity strongly opposed by currents in the conductors, 
and we may therefore, without falling into any great error, 
assume that the density of the flux follows a sine curve in 
its distribution. 

It will be noticed that the maximum ordinate in the cur^i.- 
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in Fig. 127, is greater than the maximum ordinate in Fig. 
125, the ratio being as 4/2:1. Thus the maximum value 
of the flux-density tends to change in value. Any change 
is however opposed by the conductors of the rotor, so that 
very little change will actually take place. 

M. von Dolivo-DobrowolBky in 1891 gave the curve shown 
in Fig. 129, in which the effect of the two magnetizing currents 
I and II in a simple 2-pbase motor are added together, giving 
lise to a field of varying intensity shown by the upper curve 
F F, the variation amounting to 40 per cent. In Fig. 180 are 
^ven his curves for a S-phase motor in which the variations 
only amount to 14 per cent. The greater the number of 
phases the less does this variation become. M. Dobrowobky 
was then of opinion that such fluctuations of the field were 



disadvantageous in a motor and lessened the torque, but in 
the modem light of the monophase motor it does not seem 
that they are harmful. The fluctuations, so far as they occur 
despite the counteracting effects of conductors in the vicinity, 
wilt act as though there were superimposed upon a constant 
rotating field a number of stationary alternating fields having 
poles at every point where a group of conductors belonging 
to one circuit lie next to a group of conductors belonging to 
:snother circuit and having a frequency the same as the fre- 
-qnency of supply, 

MvSrderv^ty . — The maximum flux-density B permissiUe 
■in the iron of these motors depends upon the frequency of the 
supply. The loss of enei^y per cycle in the iron cores owing 
lo hysteresis increases disproportionately to the flux-density. 
If the latter is increased from 4000 to 8000 the loss by 
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bysteresis increases nearly fourfold; the law discovered by 
Steinmetz being that tlie loss is proportional to the 1-6 power 
of B- ^^ ^'g^ densities the iron cores would consequently 
overheat, unless the frequency of alternations were reduced. 
Or, convei'sely, with low frequencies flux-densities are per- 
missible which cannotbe used with high frequencies. Kolben 
gives the following values : — 

For 40 cycles B = 0500 to 6500 

' 50 " eo00"5000 

^ 80 " 5000" «00 

' 80 " 4600 "4000 

' 100 " 4000" 8500 

' 120 " 8600" 8000 

In the iron between the holes the flux-denaity is oft«a 
greater than is represented by these figures, and may be 
carried up to 11,500 for a frequency of 40. 

The b^adth of the iron of the stator (C D in Fig. 128) 
may be a little less than one-half the polar pitch so as to 
afford an easy path for one-half of the lines from one pole 
which distribute themselves as shown in Figs. 24 and 26. 



D,n,t,z9dbvGoOgle 



Polyphase Electric Currents, 



CHAPTER VI. 

ELEMENTARY THEOUY OF POLYPHASE MOTORS. 

In considering the theory of polyphase motore it is proposed 
first of all to give the genei-al rehitions between the speed 
of i-evolution of the magnetic field, the speed of the re- 
volving part of the machine, the resistimce of the circuits, 
the torque, and efficiency of the machine. Afterwards an 
analytical method of treating the theory will be given. For 
the sake of simplicity we will take a bipolar machine, the iron 
in whose stator is of the general shape shown in Fig. 105 and 
the air space so small that m^netic leakage may be neglected. 
Suppose that a rotatory magnetic field is produced by either 
2-phaBe or S-phase cunents in the stator. The currents in 
the rotor (aa we shall see more exactly in the next chapter) 
also produce a magnetic field, which, compounded with that 
of tlte stator, gives rise to a resultant i-otating field. It is to 
this resultant field that the electromotive forces in the con- 
ductors and the torque are due. We will consider that it 
consists of a uniform flux flowing diametrically through the 
rotor and cutting the conductors of both stator and rotor as 
it i-evolves 

Let ^ stand for angular speed of the ro'iatory m^netic 
field = 2 n n in a bipolar machine, where n is the frequency 
of period. If the machine is multipolar having m pairs of 
poles then C = 2 k tc H- w. 

Jjct a> stand for the angular speed of the rotating part, or 
TOtor of the machine, = Inn^., wliere«j is the actual number 
of turns per second. 

Let T be the torque between tlie stator and the rotoi. 

Let W stand for the power (total watts) communicated by 
the stator to the rotor. 
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Let « stand for the power (useful watts) actually used 
Id turning tite rotor. 

C — o>'\& the tlip ^ of the rotor with i-espect to the field, or ia 
the difFerence of their angular speeds. If the field has aa 
angular sfieed fl — -> greater thftu tliat of the rotor, it is clear 
that the inductive action on the cii-cuits of the rotor will be 
exactly the same as if the i-otor were revolved backwards 
with a speed D. — w while the field stood still. 

W — IP is the power wasted in heating the conductors and 
iron of the rotor, since it is the difFerence between the total 
power supplied to the rotor and the power it utilizes. 

Now W is proportional to T and to O., and, therefoi-e, by 
choosing suitable units may be written W ^ T /2. And w i» 
proportional to T and w, and may be written w ^ T m. 

Hence, dividing the last equation by the preceding. 

From this we see that the efficiency of the rotor is the same 
as the ratio of the two speeds. The efficiency of the stator 
will be considered presently. 

Further, the rotatory field motor is simply a sort of running 
tmnsformer, ol which the stator and rotor windings constitute 
respectively the primary and secondary. Now, if o* wei-e made 
■= D. there would be no induced currents in the rotor con- 
ductors, the stator would then simply act as a clioking coil ; 
hence, it follows that if the condition of supply of the primary 
currents is that of constant voltage, the magnetic flux through 
the machine, I'otating with speed D., will liavean approximately 
constant value at all loads, just as the flux in the core of an 
ordinary transformer has. This, of course, is only true when 
the current in the stator coils is unrestricted ; it is not true, 
for instance, if a resistance is put in series with the stator 
coils, or when the motor is starting without any resistance ia 
its rotor oirooit, as will be seen hereafter. Further, if there is 

1 Some writers Apply the vord " slEp '' to the ratio of the two Bpeeda, ~ 
ThlaiacoDTeniently dlBtlogolshed by Ihe word "allppage." 
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very little nu^etic leakage in the gap between stator and 
totor (as b indeed the case in well-designed motora), the only 
electronjotive-forces in the rotor conductora will be those 
produced by the resultant magnetic field, and therefore the 
maximum currents in them will occur when the conductors are 
in that part of the field where the flux-density is a maximum. 
And as the flux is constant at all loads (subject to the above 
conditions), it follows that the torque will be proportional to 
the currents in the rotor. But these are proportional to the 
slip O. — u : hence, also, it follows that T will be proportional 
to n — oi, and may be written T ^ i (fl — w), where 6 is a 
constant depending on the strength of the field, the radius of 
the rotor, and the length and resistance of the conductors of 
tiie rotor. 

We may now write: — 

Useful watts w = 6. oi (il — <u) ; 
Total watts W = 6. ii (/l — «.) ; 
Wasted watts W — w = 6. (fi —«.).* 
Hence we may at once appl^y the now well-known digram 
of motor efBciencies, by drawing a square A B C D (Fig. 131), 
having its side A B numerically 
t) equal to A, and cutting off a 
piece B F equal to «>. The 
area A F H D represents the 
' ^ total watts supplied, the area 
A F G K, or G L C H, the 
watts utilized, and the square 
K G H D the watts wasted in 
heating the conductors o£ the 
rotor. The efficiency will ap- 
proach unity as F moves up 
towards A ; and*, as with con- 
Fio- 181- tinuous-current motors, it it 

were not for the weakening of 
the field by armature reaction, the output would be a maxi- 
mum when 10 ^ J i2, theefficiency being then only 50 per cent. 
We shall see presently that when the motor is running at 
much below its proper speed, magnetic leakage and other 
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causes play such an important part that the torque b actually 
less than at a higher speed. Fig. 131 is, however, applicable 
to eases of normal running, and shows how these rotatory- 
field motors behave in an exactly similar manner to con- 
tinuous-current motors. 

In good modem rotatory-field motors the slip is only, at 
the most, about 4 per cent., except for very small sizes of 
machine, where it may be 10 per cent, at full load. 

In the above investigation no account has been taken of 
the loss due to heating in the conductors of the priniaiy or 
stator circuit. This, like the ordinary CR loss in the exciting 
circuit of any dynamo, is but a small percentage of the whole 
energy supplied, and can be readily calculated from resistance 
of tlie stator coils. iJfeither has any account been taken of 
hysteresis losses in the iron of the stator, which also have to 
be supplied, as it were, by additional ex:citation, but are small 
in a well-designed machine. Besides losses by hysteresis or 
by eddy-currents in the iron, the friction of the journals will 
deduct from the available power. 

2. Resultant Magnetic Flux in Motor. 

It was pointed outabove, from consideration of transformer 
analogies, that tlie magnetic fiux in the motor is of approxi- 
mately constant value at all normal loads. And we have 
seen (p. 131) that in the air gap between rotor and stator 
the fiux-density varies approximately as a sine function 
around the periphery from point to point. Let the density 
of this flux in the direction in which it is a maximum be 
called B- I'^is flux^density, like the flux-density in a trans- 
former core, is the result of the magnetizing actions of both 
the primary and the secondary windings. Kapp has given ' 
a discussion of the reaction, which may be summarized as 
follows : — 

Take a line Bi ^ represent (Fig. 132} the maximum of 
the flux-density in the motor ; in a bi-polar machine it may 
be considered as revolving clockwise around O as a centre, 

1 Gilbert Kapp. "Elpc-tric Transmission of Ener)^," ISM, p. 810. 
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with an angular speed ii. This field is clue to the joint 
action of the impressed field excited by the primary currents 
in Ihe stator, and of the induced field excited by the secondary 
currents in tlie rotor. These 
rotor currents are in phase with 
the resultant field (if there is 
no magnetic leakage), aTid pro* 
portional to it, and to the slip. 
, Tliey tend to produce a cix)ss- 
magiietizing reaction. They 
may be lepiesented by ftlength 
c, set off along the line B- 
This current c tends to pro- 
duce a cross-magnetizing field 
proportional to itself. Lettha 
line h at riglit angles to B represent this cross field. Here &=> 
he wliere /: is a eoeflicient depending on the reluctance of the 
magnetic circuit and the number of windings on the rotor. 
Complete the ti-iangle B 6 '^ by drawing the line a. Tiien a 
represents in magnitude and phase the magnetic field that 
must be impressed by the primary currents in the stator, since 
B is tlie resultant of a and ft. The angle ^ is the angle by 
which the current in the rotor laga behind the impressed field. 
Further, since the torque is proportional to both B *Dd e— 
that is to B And h — the area of the triangle a B ^ ^'U repre* 
sent the toique. 

Moreover, since c depends on the electromotive force in 
the rotor conductois, it is proportional to the slip, and to Bi 
and to a constant dei)ending inversely on the resistanoe B lo 
the rotor circuit, we may write 

B X sMp 
R 

or Blip = ':^; 
.and aabstitottng S -l- i for c, 

V * R 
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but fi -J- B 's t'*" 1'' lienco slip is proj)oitional to It tan ft. 
That is to saj, if tlie slip is great tlic angle of lag ^ will be 
great. 

3. CoNDITIONa OF OPERATION. 

Tliere are tliree cliief stages of oi)emtion to be considered; 
and for tlie present we will consider tbe 8ui>ply voltage con- 
Btant, and tlie niacliine devoid of magnetic leakage. 

(i.) Starting.- — Here «» = 0, andslip = ii. Rotor currents 
enoi-moua, primary currents also enormous. Tlierefore,j9 the 
angle of phase.<lifference between primaiy currents and 
resultant lickl vei'y large. Toi'qiie enormous if 110 niagnetio 
leakage. 

(ii.) Rinming at Light Itoad.—Heie -> is very nearly equal 
to i- ; and as slip is small, rotor currents will be email, and 
their reaction small. Angle j3 will be small, and a will not 
be muclk larger tliati B- 

(|iy.) Running tcith ffeavt/ Loatis. — Here 2 — ">, the slip, 
must be considerable enough to allow of the generation in the 
rotor of currents considerable enough to prodace the necea- 
aary torque at the actual speed of retation. 

In addition to the above, if the speed is artificially brought 
np to synchronism by sujtplying from witliout power to over- 
come friction, etc., there will be no rotor currents and no 
torque. If the apeed is artificially increased beyond this, so 
that the rotor runs faster than its field, power will be con- 
sumed in driving it, and it will act as a generator, pumping 
back current into the supply network, as we shall see 
pri'sently. 

4. Starting Torque. 

In the above we have considered a motor 'worbin^f 
order nominal conditions, so that tlio rotor cuiTenta are not 
excessive and the effect of magnetic leakage has been 
neglected. Wlien, however, the motor is being started, the 
0lip is so great that enormous currents would be generated in 
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the rotor circait if of low resistance. These currents would 
call for very large currents in the primaiy coils to keep upthe 
m^;netio flax just as in a transformer. The effect would be 
threefold. In the first place, a considerable fraction of the 
pressure of supply wonld be lost upon C'R losses in the stator 
coils. Secondly, the ampere-turns of the stator and rotor 
coils, opposing each other with very great magnetomotive- 
forces, would force a number of lines along paths which do 
not thread through both sets of coils (for example, leakage 
would appear along the aii'-gap), and these lines would be the 
cause of electromotive-forces in the stator and rotor coils, in 
addition to the electromotive-forces produced by the common 
resultant field, and have a choking effect upon the currentain 
these coils. Thirdly, not only is the true resultant field B 
diminished by the above causes, hut the little that remains is 
out of phase with the current in the rotor circuit, so that the 
torque is very much reduced instead of being increased by 
excessive slip when the rotor circuit is 
of low resistance. This is very simply 
exhibited in Mr. Kapp's construction. 
When the slip is great, the triangle 
a b will become of the form of Fig. 133 ; 
for if slip is proportional to R tan j9, 
and R is small, tan fi must be very 
great, ff will be nearly 90", the impi'essed 
field a is limited by the foregoing con- 
siderations, so the torque (represented 
by the area) will be very small. If 
I we increase R we necessarily decrease 
Vm. 1S8. '^^"^ B< making B greater and the area 

greater, and so we get a greater start- 
ing torqae< ^Dias, introducing a non-inductive resistance 
into the rotor circuit at starting enables the machine to start 
with a greater torque. 
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5. Relation betwbbk Toaque and Slip. 

In order to get od equation for the torque in terms of the 
slip and the resistance of the rotor, we note that from Fig. ' 
1S2 it foUovB that 

ft ^ a sin A 
and B^<icosi9. 



^Xi = 



Therefore, by merely altering the scale of Fig. 182, we oaa 




Eto. 184. 

leoame the sides of the triangle as shown in Fig. 184, wbeie 
« stands for the slip. 



"^TXiai. this we see that sin ^ =a - 



VR»+t»«» 



and 008^ 



♦'R' + Jfjt' 
Therefore the torque T, which is proportioned to ft X Bi is 
proportional to <j? sin ^ cos ?; and therefore, writing j as a 
quantity involving a' and constants depending on oonstmo- 
tion, we have 

Here we ore assuming that a, the impressed field, is con- 
stant (see p. 135). 

If we wish to see graphically what this equation meana, 

J— Vol. 6 
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we may plot out ttie relatton between T and « as a curvOi 
assuming a definite value for R. 

Take the line O X (Fig. 135) to represent the speed of 
totation of the magnetic field, aud cut oS from it a part O Q 
to represent the epeed of the motor. Then the remainder, 
Q X, represents the slip. This is equivalent to plotting the 
slip hackwai'ds from X. The vertical ordinates then represent 
the values of the torque as calculated from the equation. 
For example, when Q X is taken as « ; P Q is plotted to 
represent the corresponding value of T. Thus, beginning at 
X where the slip is zero, we get a curve X P (« which rises 
Steeply, comes to a maximum, and dies away to the valw 




O t, vhiob is the torque a.t Btarting. The torque has a 
oertain mazimam value for which ^ == 45°. It will bs 
noted that the steep end part of the curve is nearly 
stnught, being an asymptote to a straight line, which would 
represent the relation between torque and slip if the 
magnetic field were constant and there were no magnetic 
leakage. In fact, this line corresponds to the expression 
T ^ fi (ii - oi) on p. 136. Or if in our present equation we 
consider values of 8, which are small compared with R, the 



the curve where slip is great, the curve is hollow. Hero 
we may approximate by 8Upi>osing that 8 is very great 
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oompared with R, or thftt R' ia small compared with «^ ; 
in which case the equation reduces to T == 9 t"- This is the 
equation to a hyperbola ^also sliown in dot). When the 
motor is at rest a ^ ii, or O Q ^ zero, giving at O fi the 

value "^ ^ ? n- That is to aay, at ttartinff, the torque is 

proportional to the lesistanoe of the rotor. Tf wo then assi^i 
a liiglier value to H, and plot out a new set of ordinates, we 
obtain a new carve (t;hown in dotted line) which also BtaitB 
at X, rises to a maximnm of the same height as before, and 
then falls, butthis time to tf The effect, then, of introducing 
more resistance is to raise the torque at starting ; but it also 
has tliB effect of causing the iDaxiimini torque to occur when 
the slip is greater. Tlie ratitor gives out practically tlie same 
power as before, but rons with a greater difference of speed 
bet\ve0n its speed at light load and its ^eed at full load. 
And the efficiency at full load is diminislied. If, with a 5 
per cent, slip and a 86 per ceut. efficiency, we do not get a 
suffioient starting toxque we can get it by intioducing resists 
ance, and contenting ouraelves (at full load) with, say, a 10 
per cent, slip, and a 90 per cent, efficiency. And one un- 
derstands the reason for tlie modern device of constructing 
the rotor so that a resistance can be put in at starting, and 
tiien shortKjiictiited as soon as tlte mtor lias got up a fair speed. 
In the various theories of the rotatoiy field motor' the 
subject is attacked from many different points of view, but, 

1 L. Duncan, ■ AltemaWt Current Motors,' Elec. World, (N.T.), xvll. 341, 
967. 

DuLin ftiid Lebliinc, La Lnniiire ^Icctriqiic, x1. -373. 

Dr. J. Sahwika, ' Ueber TVccbsclstrom-Motoren mlt Magnetticbem Dreh- 
&1ile,' LeipKig, ISD-i. 

It.'T. I'icou, ' lies Moteurs Elcctrlques it champ tnagndtique loumant,' 
F&ria, I&IQ, 

E. Arnold, ' Thwrrie nni! IterprfniuiiR der asynclironen W«chselstroiii- 
Hotoreii' ; and sec articles by same aiilbor in Elec. World (N.T.), lKft^.4 

G. FensjiH, ' A KlcUiod fcrr ttic Treatment of liotating or Altamatlng 
Tectora, Ac.,' Elertririan, 1S!H, xxxilL. 1 10. I2il, 152, 184. 

Keber, 'Theory of Two and Tbrcc-phase Molors,' Amer. Inst. El«c> 
Enfiiiie^rs, Oct. 18iM. 

Stdnmetz, American Inst. Elec. Engineers, December 18»4, p. 608. 
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through whatever mathematical iatricacies it has passed^ the 
expression for the torque is of the geoetal form 

The above method of deducing the formula, though in- 
complete in so far as it does not contain symbols for all the 
quantities concerned, perhaps has the advantage of keeping 
clearly in view the main principle, and enabling the student 
to follow the physical meaning of the expressions throughout. 
The quantity k, it will be remembered, is a constant, depend- 
ing upon the reluctance of the m^pietio circuit and the num- 
ber of windings on the rotor. It is, in fact, the self-iuduction 
of one complete turn of conductor on the motor. The quan- 
tity H involves a' and total number of complete turns upon 
the rotor. In comparing with the formula given by other 
writers, it must be remembered that 8 is an angular speed, 
and is equal to 2 t (». — n,) (see p. 134). 

Steinmetz gives the formula for Unding the torque in 
pounds at 1 ft. radius in tlie form 



T=' 






to use our own symbols ; g being the ratio of the secondary 
turns to the primary turns, and 

550 

where n is the frequency, and p the number of poles. Stein- 
metz's theory is ver^' complete in this respect, that he takes 
into account both leakage and hysteresis, and gives an ex- 
pression for c, the counter-electromotive-force in the stator 
conductors, in terms of the impressed volts and of an expres- 
sion involving these quantities. Plotting values for torque 
at different amounts of slip he gives the curve shown in Fig. 
136, which is of the same character as that given in Fig. 185, 
only extended in bot*" directions. If the speed of the motor 
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18 run ap by mechanical means beyond synohroniBro, the' 
torque becomes negatiTe and the machine acta as agenerator, 
giying the lower branch of the curve (see p. 42). If, on the- 




contrary, the motor 13 turned in the sense opposite to the 
rotation of the field, the torque decreases as shown on the left 
of the figure. 
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CHAPTER VII. 



ANALTrrCAI. THEORY OF POLYPHASE MOTOBS. 



The following method of treating the theory of polyphase 
motors is a modificationof thstdue to M. PotJer.' Instead of 
considering the rotating field as a constant fiux cutting tlie 
conductors of the rotor as it reyolves, we may resolve it into 
two alternating fluxes in the constant directions of the axes 
X and Y (Fig. 137) at right angles to each other ; then all 
motions of the rotor and the 
fluxes and currents therein 
can be referred to these com- 
mon axes. 

Let the line O B represent 
the direction and amount of 
thfi rotating magnetic flux 
(that is to say, the resultant 
of the impressed field due to 
tbe cTiirent of the stator and 
the field due to the currents 
in the rotor). Then x and 
y show the direction and in- 
tensity of its horizontal and vertical components respectively 
at any instant. 

If the field revolves at a uniform sjieed of /2 i-adians per 
second, and i-emains constant in intensity, then 

x^ x^aia fit and y ^ y^ cos D. t 

where x^ and y„ are the maximum values of the horizontal 
and vertical components, and represents the magnitude of the 
revolving flui. 

*A. Potier, "SurlesUoteurs ft induit fenn^ sur la<-m£me," BulLAela 
Soc- Internationale dca EUelrirlena, May 18W, p. 24H. 




FiO. 187. 
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If, however, we wish to be perfectly general, and include 
ellipUcallj rotating fields euch as ate found in moDophase 
motors, we will write 

2:=iKHsinof and jr^y. sin (q <+^)i O) 

where 2w md y_ are not necessarily equal. 
We will consider the general case first. 
Suppose that there are Z conductor bars in the rotor, cue 

can always consider them as -^ spires wound dnim bshion, 

each spire having a certain resistance r. 

It' the vfA/at is revolving at a speed of w radians per second 
ttie angle which the plane of one of the spires malces with the 
vertical may be written to t (see Fig. 137). 

'ITie flux through this spii-e is x cos ib t — y sin f t. The 
eleistromotive-force in the spire will be »Ine both to the fact 
that it is changing its inclination to the fields x and y, and to 
the fact that x and y are changing in value. 

I'Ot us write i and y for the rate of change olx and y 
with respect to time, then we bare the instantaneous cleetro- 
niotive force 

e=—x <o sin <i f—tfai cos 10 t + x los m t — ^ sin w t. 
e^cos «• t '.' -y w') — sin <u t (y + a: iu)ss=cr, (2) 

wliere e is the cuiTcnt in the spire. 

Ill order to obtain an expression for the torque due to all 
the spires, it is necessary to integrate the ex[)re33ion for the 
torque due to one of tlie spires between the limits of Iialf a 
revolution ; and for this pui|)nse it is moiv convenient to 
signify by a, the angle wliich any piirticular spire makes with 
the axis of T. Tlien the torque due lo one spire = 
c Q/ cos a + x sin a). Filling in tlie value of e given above, 
and integrating between the limits a ^ and a = ir, and 

remembering that the angle ir contains -jj spires so that 
^ sin' a = ^cos" a == _, and 2^ sin a cos a ^ 
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we get the torque 
T (for the instant) = ^ [y (i — y a«) — a: (y + V*)!. 

Taking the general case where x = x^&va.^t and y oa y^ 
Bin (n t + ^) and Bubetituting the values for «, y, £ and y 
we get, after integrating between the limits A t ^ aod 
/I t ^ 2 K and then dividing by 2 ir, 

the mean torque = J ^ ["2 ar„ y^ -Q sin ^ — « (»"„ + j/"^"!. (8) 

This general expression for the torque is applicable to every 
form of polyphase motor with elliptical rotating fields. If the 
field revolves at a uniform speed and remains constant in 
value so that ^ = 90° and y„ = x„ this expression for the 
torque simplifies 



^M--'} 



If the etator is one of the ordinary type, suoh as is shown in 
Fig. 105, so tlmt the i-eluctance of the magnetic circuit ia 
practically independent of the direction of the field, the ex- 
pression for the coniponente along X and Y of the cross 
m^netization due to the current in the rotor ia very simple ; 
(or, if we denote by F the flux produced normally to the 
plane of a spire by a unit current in that spire, the compo- 
nents Xi yi of the cross field will be 

Xi=: — Fie cos a and yj =3 F 2* a sin a. 
Substituting for its value 



_ \(x — y <-) cos o — (y + « «) sin aj, 

uid integrating between the limits a »■ and a e=b x 80 aa to 
include all the spires, we get 



UXt = — (i — y ") and u y, = — (y + a! ")■ 
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To find an expression for the components of the impressed 
field, it is only necessary to subtract the cross field from the 
resultant field ; thus if *» find i^ be the components along the 
axes X and Y of the impressed field we have 
*, = a; — a-i and *, = y— yi, 



(6~ 



tt#, =zua; + y+a;(o. 
If we know the components of the impressed field we ctin 
find X and y and vice vena. 

Let us now apply these formulee to the case of a simple 
motor whose rotary field has the horizontal and vertical 
components. 

x^ sin ii t and x^ cos D, t. 
We have from equations (5) 

u x^ Bin ^ t + x^ il cos il £—111 Xt, cos Ht = u t„ 
from which we get the component of the impressed field 
along the axis of X 

*,= ^ ^ sin (n ( — (0. 



jg=tan-i" ". 
u 

Along the axis of Y it has the same value* but varies e 
the cosine instead of as the sine. 
The torque, as we have seen, p. 148, is 

4r 

To obtain the power yielded by the lotor, multiply by the 
angular velocity «* 

Next consider the heat produced in the rotor. In one 
spire heat is being produced at the rate of r c ^ joules per 
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second. Filling in the valud of e, and integrating as before 
for the wliole of the spires, we get • 



^[(;i-j,.y + (j; + x«r'] 



as the rate for the instant. 

Now taking the average of this throughout a complete 
period we find 
H, the heat produced per second, 

= i ^ [(a;^ + ^^ (na + <«») — 4 3:„ y. ii <» sin A. 

In the case of the nnlformly rotaiting fiehi x^ = j/^^ and 
sin ^ = 1, 80 that 

}i = ^xl(_n — ^y*. 

Therefore, 

and the efficiency of the rotor 



P + H n' 

which is the result arrived at from other considerations (see 
p. 135). 

In considering the loss in a 2-f ole stator we will denote 
the total number of active conductors on it byZ, (so that the 



joined in series by R. The difference of potential at the 
terminals of one of tlie circuits — for instance, tliat which 
produces the horizontal flux (the stator being joined up as 
shown in Fig. 49 — c:in be found as foUo^v's : — 
We have seen that the horizontal impressed flux 



: ^'- ^ x„ sin (.a t — j9), 
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and this must be equal to 

Z, F i 

where Cx is the current in the atator coil, theriionoi 



and the difference of potential at the terminals of one of tlM 
oircoitB for the instant 

R ^ Z. . 

R Z 

Filling in the values of c, and i and writing X tar w-j *» 

this gives oa 

If we write this in the form 

e, = e„ sin (n ( — )-), 
we find that the tan j 

— ^ — " ^ 

The lag of the current was (9 where tan ? =ss — - — \ 

therefore the difference in phase between currant and elaotaK^ 
motive-force ^, is such that 

" a (/2 _ .) + 2 1 u" + (fl — »)« 
The heat per second generated in the stater = B C|* 

ca Bubstitnting the value for *„, 

H, = ^ rei. 2 J [u + (n — «)>]. 
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To BummariEe these xesulta Trrite K = -j— 2^„ then ve 
4 r 

have 

The torque T = K (^ — a«), 

The power P , = K <« (n — «.), 

The rotor heat H = K (fi — «.)', 

The Btator heat Hi = K 2 A [«? + (il — «<)«]. 

The maximum value of the back electromotiye-force of 
one circuit of a two^phase stator 

The maximum value of the current in the stator when the 
motor is running normally loaded. 



. Xi (1 + 2 i ^~— ) nearly. 



4 F v^ u2 + (i2 — «.)« ^ 

V Al « 

The difference of phase is given above. 

In the above it has been assumed that tlie whole of the 
flux pastjing through the rotor cuts the stator conductors. 
This, under normal conditions of load, is very nearly true ; 
but at starting, for the reasons stated on p. 140, it is not true ; 
a large fraction of both stator and rotor fields being closed 
along independent paths. To make the theory applicable to 
all speeds aijd loads, the self-induction of each circuit as well 
as the mutual induction between the circuits must be taken 
into account. The expressions involving all these terms 
become so complex that they are of no practical utility even 
if the quantities involved could be determined from a given 
design. The author has thei'efore thought that the elementary 
theory given in Chapter VI,, and the indication of a method 
of treating the subject analytically given in this chapter, will 
be more acceptable to the student than a reiteration of the 
more extended theories, reference to which will be found on 
p. 143. 
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CHAPTEE VIII. 

HONOFHASB MOTORS. 

MoTOBB for use with a monophase — ^that is to say, with an 
ordinary — alternate current have the obvious advantage that 
they only need two lines instead of three or four wherewith 
to supply them with currents, and can be run from alternate- 
current lightning mains, as existing in many of our towns. 
Prior to the invention of polyphase motors, the only alternate- 
current motors in use were the ordinary alternate current 
machines (designed as generators) having separately-ex- 
cited magnets. These only ran in perfect synchronism, and 
were not self-starting. But as soon as the polyphase asyn- 
chronous motor had reached the st^e of practical success, it 
became evident that monophase motors might be constructed 
on analogous lines. 

When an alternate current is passed through one group of 
coils of a polyphase motor, it produces a magnetic flux in a 
certain fixed track through the rotor. This flux rises to a 
maximum, dies down to zero, changes in sign, and rises to 
a negative maximum and so on, but it does not change in 
direction as a rotating field. Very powerful currents will be 
- produced in those rotor bars which enclose this flux, but 
there will be no more tendency to turn in one direction than 
in another. Just as in a steam engine witli a siiigle cylinder, 
the forces are harmonic and rectilinear ; with the crank at a 
dead point it is impossible to start without the interference of 
some outside force to upset the balance. Oncegivethe rotor 
a good start and it will go on increivsing its speed until syn- 
chronism is nearly reached and will exert a great torque 
The reason of this will appear from the theory of monophase 
motors presently to be considered. 
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If we take a solenoid (Fig. 138) with a bundle of iron wire 
for a core, and pass round it an alternating current, a simple 
alternating Held is produced. If in tliis field we suspend a 
copper ring, as shown in the figure, we find ' that it tends to 
turn until its plane is parallel to the direction of tlie flux, so 
that it does not enclose any magnetic lines. It is only when 
the ling is in an oblique position that it tends to turn. If it 
be placed with ita plane directly at right angles to the dii-ec- 
tion o£ the magnetic lines, it will remain stationary ; if ever 
so little displaced to the right or left, it will turit until its plane 
is parallel to the lines. If i? be the angle between the plane of 
the ling and the direction of the magnet field (Fig. 139), the 
electromotive-force, and therefore the current induced in it by 
the alternation in strength of the field, will be proportional to 




Fig 188 Pig. 139. 

Sin i? Kow tlie turning moment acting upon the ring ia 
proijortioual to the current in it, to the strength of the field, 
and to the cosine of the angle ^. Hence it ia proportional 
to the product sin & cos (?. Tlie tendency to turn is zero 
both at o" and at 90° ; in tlie former cast; hecau-se there is no 
current, in the latter becau.se the current has no levei-age. It 
is a maximum wlien |S ^ 45°. 

Even in tliia position tliere would bo no torque if thei-e 
was no lag of the cunents in the ring ; for the phase of the 
induced E.M.F. is in qniulriitme with tlie pha8e.etiite of Uie 
field. Wlien the field i.s of maximum strength there is no 
E.M.F., and when the F,.M.F. n-aches its maximum there 
would he no field. Hut if there is self-induction in the ring 

■See El ihu Thomson' " Kovel Phenomenm of Alternating Curwnla " Eltc- 
trical World {N. T.), May BS, 1B87. 
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eaoaing the current to lag, there will be a set tumiog moment 
tending to dimiiiisli (9. The lai^est torque will be obtained if 
the self-induction and resistance of tlie ring are sucli, relatively 
to the frequency, that 2 jt n L =; r ; or when tlie lag of cuii'ent 
in the ling is 45°. 

Thia pliennmenon may be explained by saying that the. 
current iiiducedin the ring produces a cross-field, whicli. being 
out of plijise with, and inclined to, tlie field impressed by tlie 
primary alternate cuiTent, causes a rotary field ; aiid this in 
its turn i-eaeting on the conductor, a tui-ning moment results. 
A more precise way ^ of stating what occurs is the following. 
Suppose tliat tlie ring is inclined at an angle fi to the direction 
of the field impressed by the solenoid. The actual flux pass- 
ing through the ring will be the resultant of (1) the component 
of tlie impressed flux in the direction normsil to the plane of 
the ring, and (2) the cross flux due to currents in the ring. 
This resultant flux will follow a 
sine law, and may be represented 
by the curve R R (Fig. 140). 
The current in the ring will be 
at right angles to this in phase, 
and may be represented by the 
cui-ve CC, where the positive sense 
is taken in the direction of the Fio 140. 

arrows in Fig. Iu9. The cross 

field will t'.ion be juiiicheiited liy the cuiTe X, and the normal 
com^Kinent of the impressed field will be represented by the 
curve 1 1, which is oblaiiied by subtracting tlie ordinates of 
X X from those of R R. It will be seen that the impressed 
field, which is of coni'se pi'oportional to its normal component, 
is partly in pluise with the current, so that their product is, 
upon the whole, positive, and applying Fleming's rule to 
Fig. 139, it will be seen that the torque is in tlie direction 
tending to lessen ,1 

1 For complete analyllcal treatment of tliia inbject, see G. T. Walker, 
" Repulsion ancl liotaiion produced by Alteruating Electric Currents." /"/ii;. 
Trans, Itoyat Societj/, 1392, A, 270. See also J. A. Fleming, on "Electro- 
m^netlc Repnlsion," Proe. lioynl I/iKtitution, xliL 290, Marcli G, 18B1, *Jid 
Journal <{f the 6ocieti/ <tf ArU, Mr; ]4, ISOO. 
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Elibn Thompson took an ordinary continuouaKsurrent 
armature placed in an alternating field, and having short- 
circuited the brushes, placed them in an oblique position with 
respect to the direction of the field. The effect was to cause 
the armature to rotate with a considerable torque. The con- 
ductors of the armature acted just as an obliquely placed 
ring, but with this difference, that the obliquity was continu- 
ously preserved by the hruahes and commutator, notwith- 
standing that the armature turned, and thus the rotation was 
continuous (see p. 172). 

This tendency of a conductor to turn from an oblique 
position was thus utilized by him (p. 172) to get over the 
difficulty of Btai'ting a monophase motor. 

The way in which monophase motors are commonly 
started is to superimpose upon the alternating field an oblique 
field differing in phase. Tliis is usually done by having 
additional coils on the stator fed by a current that is out of 
step with the current of tlie main coib, and it is necessary to 
have some device which will cause a difference in tlie phase of 
the curn-ents of the two branches. This operation of splittii^ 
the phate ntny be performed in many ways. We liave seen 
(p. 14) that in circuits possessing resistance and self-in- 
duction the tangent of the angle of lag of the current 
behind the electiximotive-force is equal totL_. If, therefore, 

we have a comparatively large self-induction in one branch of 
the circuit, and comparatively large resistance in the other, 
the phases of the currents will differ by nearly 90°. This 
difference in the self-induction of the branches may be caused 
either by the difference in the number of turns of wire in the 
coils on the stator and the arrangement of the iron around 
them, as in the case of Tesla's motor (Fig, 101), or it may be 
caused by putting in series with one of the branches a coil of 
iron on an iron core. A non-inductive resistance may be 
inti'oduced into the other branch, 

A difference in phase can also be produced by giving 
one of the branches c.ai)acity by means of a condenser, 
capacity having the effect of giving the current a lead. The 



ibyGoogle 



Monophase Motors. 



157 



kind of condenser usually employed for this purpose is an 
electrolytic condenser, consisting of a number of iron plates 
with a solution of carbonate of soda between them. 

There are also many ways of producing a difFereace of 
phase by means of special transformers. These are con- 
sidered under the head of phase-transformation. Chapter IX. 

A simple single-phase motor with closed-coil rotor was 
described in a specijication of patent filed in the English 
Patent Office in November 1892 (No. 20,505), being a 
communication from the Oerlikon Machine Company of 
Ziiricfa. The cause of the torque after the motor is 
started is there given in these words : — " On rotary motion 
being imparted to the machine in any suitable manner, 
currents will be induced in those conductors of the armature 
which are approaching one pole of the exciting coila and 
moving away from the opposite neighboring pole, these 
currents being less strongly re- 
pelled by tiie first pole than by 
the second pole because, in 
consequence of the rotation, a 
given conductor will assume a 
phase which, in the position of 
rest, would belong to a con- 
ductor located further back.'* 
A diagrammatic view of a two- . 
pole motor is shown in Fig. 141. 
The windings of the stator are 
reversed so as to produce con- 
sequent poles at the top and 
bottom. This specification de- 
scribes a metliod of starting the 
motor by means of an addi- 
tional winding on the stator, carrying a current differing from 
the main current in phase in the manner described on p. 201. 

In specification of patent No. 28,902, iiled by Mr. C. E. L. 
Brown in December 1892, some monophase induction-motors 
are described * with rotors of the squirrel-cage type. 
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Since this date Toany monophase motors have been con- 
structed by both these ^rms ; the main differences consisting 
in the methods adopted in the starting-gear, and in the use of 
toothed core-rings as against core-rings pierced with holes. 
The dispute as to priority ' which arose between these two 



Fio. 143. 

firms in 189S does not concern us. It appears to have been 
closed by the letter of Mr. Brown in the Mektroteehnitelw 
Zeitsehrift of July 14th, 1893. 

A closely-kindred form of motor was described in May 
1891 by the Helios Co. It is depicted in Fig. 142. 

Theory op the Monophase Motoe. 
The difficulty in following the action of a monophase 
alternate-current motor, lies in the fact that while there is 
passing through the rotor an impressed alternating field of a 
certain frequency, inducing currents with their opposing fields, 
there is at the same time a turning of the rotor causing the 
phenomena of currents and magnetic fields at another fre- 
quency. Any theory which comprises all these things, and 
takes account of the magnitude and phase of each, necessarily 
contains a complex grouping of symbols, whose physical 
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me&nmg is not easily giiiiiped, while a theory which isx Hie 
sake of simplicity neglects one or moi-e of these things is too 
incomplete to be satisfying. ' 

It is proposed here to give in the first place a compreheO' 
sive analytical theory as given 1^ M. De Bast,' secondly the 
graphic method which is due to Professor Ferraris,' and 
thirdly to translate these into a mental picture of what act- 
ually goes on in the rotor. 

Assume in the fiirst place that a twopole motor is started, 
and mnning at a constant speed of i» revolutions per second, 
and that it is being supplied with an unvarying alternate 
current which follows a simple sine law with a frequency of 
n periods per second ; then the flux-density B ^ the field 
impressed by the stator coils at any instant is 

B = Bo sin 2 JT B (, 
Bg representing the maximum flux density reached in eacb 
period, and p. assumed constant If A is the area enclosed by 
a conductor embracing the rotor about a diameter whiob 
makes an angle a with the plane normal to the direotum of 
the impressed field, the total magnetic flux 

W = A cos a Bo Bin 2 X n t, 
the flux-density being assumed to be uniform. 
As the rotor turns m, revolntious per second) 

a IS 2 X m «. 
The E.M.F. in the conductor is 

^ — A BoC — 2«mBin2icflf.8in2«M<-ft«» 
cos 2 X t» f cos 2 ir n t] 

— — -^ [2 « (» + m) cos 2 JT (« -h «) « + 8 » (» _ «) 
cos 2 » (» — m) *]. 

> De But, BwK <le r J«soc. Ada Ing4nieuri EUetridaaA, An^ I8C& 
■ a. Poraris, " A Uethod for the Treatment of Routing « 
Tecton, etc." Hu EUetrUsttm, xixUi, 110, 129, 152 ud 184. 
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Thos the electromotive-force is the sum of two simple 
harmonic electromotive-foices of the frequencies (» + m) and 
(» — «i). 

If we represent the resistance of the conductor by r, and 
its coefficient of self-induction by L, the impedances I, and I( 
to the two electromotive-forces respectively will be 

I. — ^i^-\-\-!?(n^-mf\?. 

The instantaneous value of the cun«iit-in the conductor 
will be 

C = _A^[^lI;^>cos J2.(» + «)t-1».j 

the angles of lag being ^, and ^ of which 
cos ^1 = -, 
COS A = -, 

Tlie potential energy of the conductor is 

W = — CN = — CABoC«'««n2itfi(, 
and in moving through the small angle da the work done U 
(neglecting the sign) 

<? W = C A Bo ein 2 « n * sin a rfa. 

Snbstitnting the value for C given above, and 2 « m (ft for da, 
ire get 

+ ^^!-&^=:^> cos j 2-(«-m)t- A j] 
X [2 ir m sin 2 IT n t sin 2 « f» ^ 
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Integrating this betweea the limits t = l and t^O, we 
get the work per second, or, in other words, the mean power 
for one conductor. 

p _ 2 . MA- B' p ■ (— ») ■■„ , ■ 2 ^ (° +'«) ^ 



L I, 



2«»n' A*B' p i! '("-"■) 2«(ii + i») 1 
™ 3 L I? I," J' 

The total mean power is obtained by multiplying by the 
number of conductors Z, and the torque is obtained by 
dividing the total mean power by the number of radians pel 
second ^ 2 x fn. 



therefore we obtain as the final expression' the foUowing 
formula : 

»,„ ._rZA«B»'r (» — «•) 

Torque j-B_ [^j_^5__i_j^ 

(» + "») 1 

Professor Ferraris has given ' a method of treating tJie 
Bnbject in which the alternating magnetlQ field is regarded as 
being resolved into two magnetic fields rotating in opposite 
directions. It is a familiar point in mechanism that an; 
simple harmonic rectilinear motion may be resolved into two 
equal circular motions in opposite directions. Fig, 148 illus- 
trates one way of doing this, the mechanism being well known 
to engineers. The amplitude of the original motion is equal 
to the diameter of each of the circular motions. Ferraris 
deals, however, with the pi'oblems of the alternating m^netio 

1 Compare Hntln knd Leblanc, £a LiunAre .EIee(r{7«e, x1. 418 (1891). 

* Oalileo Ferraris, " A Method for the Treatment of Rotating or Altar- 
natlng Tecton, with an Application to AltemBte-current Uolon." TXe 
SlectHdon, xxxfil, 110, 129, 102, 184 (1894). 
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field quite generally, applying the geometrical noUoa of 
rotating vectors. 

If wo represent by the vector j, (Fig. 144) vbicb rotates 
clockwise uniformly about O, tl^e magnitude and direction of 
a rotating magnetic field, and by h^ the magnitude and direc- 
tion of another field of the same strength rotating in the 
opposite sense with the same frequency n, it will be seen that 
the direction of the resultant field is always along the line B, 
and the magnitude of the resultant field will alternate between 
the values + 2 i and — %h following a sine function of tb« 
tune, so that we may write B ^ 2 £ sin 2 x » t. 





Conveisely, if we have an alternating field following the 
law Bf sin 2 « n t as in a monophase motor, we may resolve 
it into two oppositely rotating fields of the same frequency n, 
and consider the effect of each field separately upon the rotor. 

If the rotor turns clockwise with a frequency m, the fre- 
quency of rotation of the clockwise field with rest)cct to the 
rotor will be n ^ m, and the frequency of i-otation of the 
counter-clockwise field with respect to the rotor will be 
« + «. 

Each field may be considered as generating currents in 
Uie rotor, and the torque due to such currents flowing through 
oonduotoTS in the field may be ascertained by the formoUe 
employed in the case of rotarr field motors. 
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It was fonnd above (see p. 144) that a field rotating wiUi 
a spwd « xelativelj to the rotor produced a torque 
ry re 

1^6 torque produced by the two oppositely rotating fields 
will be 
n. r n — wt n + m ~\ 

Tor,™ =t'-L ^^.4^L-(.-») " r'+4^1.'(» + ,.)' J' 
which is the same aa the e^iressioa deduced aboT« (p. 161^ 
where 

ZA»B*s 
9 = -^ • 

It is not necessary to consider the torque exerted by rear 
Bon of the fact that the currents due to one rotating field flow 
in conductors that are immersed in the oppogiteltf rotating 
field, because the frequency of these currents differs by 2 m 
from the frequency of the opposite field, and consequently 
this toiqne ia rapidly reveising in direction^ 




In order to find the torque due to the field rotating clock* 
wise with the frequency n - m, we draw the curve O P Q W 
(Fig. 145) (see p. 142 where the curve is reversed) showing 
the relation between slip and torque obtained by the formube. 

Iiet O Q, represent fbe speed of rotation of field of fre* 
qaency n; then measuring backwards from Q a distance Q 
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P, ^ nt (= speed of rotor) we get the abscissa O P, =» » - 
m, and the ordinate P^ P represents the torque in question. 

To find the torque due to the counter-clockwise rotating 
field, we measure off forwards from Q, the distance Q, U, ^ 
f» and get O U, = » + m, then U U, represents the toixiue 
due to a slip n-^nt. This heing in the opposite sense to the 
torque P P^ we can cut off from P P^ a part P P,, = U U^, 
and ohtain Pj^ P^ which represents tlie actual toi'que on the 
rotor. 

For convenience in deducting the torques due to counter- 
clockwise field we may draw Q W^ symmetrical with Q W, 
and then deduct ttie intercepted parts such as U,, Pj from the 
ordinates such as P P,. Doing this for all tiie ordinates 
between O and Q, we ohtain the new cui-re T P,,Qji the 
ordinates of which represent tlie actual torque for various 
values of m. 

Wlien m ^ O, that is to say, when the rotor is stationary, 
die two opposite torques balance one another; as tn is in- 
creased ttie torque rises to a maximum, and then falls to 
Bero before m is quite as great as n, and fuither increase in 
M produces an opposing torque. 

Tliis argument assumes that B^ remains fixed, which ia 
only true so long as the motor is supplied with the same 
current. The curve cannot therefore be taken as the true 
characteristic of tlie monophase motor supplied at constant 
voltage, but is useful as a simple indication of its general 
behavior. When load is thrown on to the motor its speed 
decreases a little, nioi-e current flows through the stator, and 
the impressed field is correspondingly inci'etised, so tliat the 
quantity denoted by q is by no means a constant quantity, 
but increases with the load. The theory given here merely 
explains how the alternating flux is capable of producing 
rotation. 

In 01-der to get a mental picture of what is going on ia 
the rotor, let us apply the construction given on p. 138, for 
finding the direction of the resultant field and cuiTent to the 
case of the two oppositely rotating vectors. In Fig. 146a let 
O P represent by its leofrth and direction the magnitude and 
direction of one (hx in Fig. 144) of tlie rotating magnetic fields 
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which together make up the alternating field Bg sin 2 >r n £. 
Suppose that the rotor is revolving clockwise, making m 
revolutions per second, and that O P is revolving in the same 
direction at a sliglitly faster speed (» revolutions per second). 
As O P cuts across the coiiduetoi's of the rotor at a speed of 
(n — m) revolutions per aeconil, it will generate currents whose 
in tensity will vary at different points around the circumferance 
of the TOtor very nearly according to a sine law. This curi-ent, 
whose maximum intensity we will denote hy Ci, will produce 
a cross magnetic field at rjglit angles to the dii-ection of its 
flow, whose intensity may be denoted by Xi. This field, com- 
pounded with the impressed field, gives the resultant field, 
and we may find the direction of all three by setting off O A, 





Fio. 146a. Fio. 14«>. 

making the angle ^i (which is known, see below) with O P, 
and di-opping the perpendicular P A upon it, than O A indi- 
cates the resultant field B„ and P A indicates tlie cross-field X, 
in direction and magnitude. The angle ^ is known because 
the ratio between the cross-field to the lesultant field is known 
from considerations of the speed n ~ wi, the resistance R, and 
the magnetic reluctance of the path, and this gives tan ^1, 
(see p. 138). For instAuce, if the cross-flux is equal to k C„ 
then as C| is equal to 

B,2^r(M-Wt). ■ 



tan f^,: 



H 
^ 2 y (« - 



«)* 



^1 at full load ought to be a little greater than 45°. We can 
go through the same construction with regai'd to O P, Fig. 
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1466, which represents the other rotating field (6» in Fig. 
144) ; bat this time, as 

tiuift= — R- ~ ' 
it ia about 40 times aa great as tan ^j, because m only 
differs from n by about 5 per cent. 

^ id therefore veiy nearly a right angle, and Bt about one- 
twentieth the magnitude of B^. It will be seen that the 
area of the triangle P O A is much greater than the triangle 
P' O' A', which, according to the argument on p. 138, tella 
ns that the torque clockwise is much greater than the toique 
counter-clock wise. 

In order to indicate the directions of the current C| and 
Ci, the following convention may be employed. Suppose the 
rotor bars to be short-circuited at each end by a copper disk 
extending over the whole of tlie end of the rotor. A uniformly 
distributed current flowing across the disk, parallel to any 
diameter, would produce a sine distribution of current in the 
rotor bai^s, which bring the cun-eiit at one side and take it 
away at the otlter, the maximum intensity being in the two 
bars joined by the diameter wliicli is parallel to the direction 
of the current. We may, therefore, in a clock digram, indi- 
cate the direction and magnitude of such a cuiTCnt across the 
end of the rotor, by a line drawn from the centre, wliose length 
is proportional to the maximum value of the current in the 
rotor bars, and this method is applicable to motora in which 
no such copper disk exists, so long as we understand the dis- 
tribution of current which it is intended to indicate. In Figs. 
146a and 146£, tlie dotted lines C, and Ct represent in this 
way the distribution of the current at any moment. Tliey are 
drawn ill a line with B, and B„ the carrent being always in 
phase with the resultant magnetism, and they are made equal 
to Xi and X, respectively, those lines being proportional to 
the two currents. The arrowlieads sliow tlie sense which the 
reader may ascertain by Fleming's rule, noting that, the 
arrowheads on the lines indicating magnetic flux point in the 
direction in which a N-pole would move. 

Having ascertained the direction and amount of the resul* 
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taut fields and currents due to the oppositely rotating Tectors 
O P and O f, in Figs. 146a audl46i, let ua place one figureover 
the other and recombine them so as to obtain one field and 
one currenL For this purpose the circle may be divided into 
ft nmnber of equal parts, say 16, which represent fractions of 
tlie period of one cycle. At the position 1 we have O P coin- 
oiding with O P** their sum being a vector of double the length 
xepresenting the maximum value of the impressed field shown 
tir the line 1 in Fig. U7. 




If we now add the vectors B^ and B^, taking note of tiieir 
■ense we get the vector o i', shown in Fig. 147, and adding Cj 
and C J we get the vector o 1". Then (reverting to Figs. 1 46flt 
andl46d) move P and P' to the position 2, triangles P O A and 
P' C A' being correspondingly slewed round. The addition 
of OPandOPf, BiOnd Bj, and C^ and Cj will now give the 
vectors 02,0 2'andO 2"respectively ; and so as we go round 
flie circles in Figs. 146aand 146J we shall get the various points 
t 2 S 4, etc., 1' 2' 8' 4', etc., and 1" 2" 8" 4", etc. in Fig. 147, 
through which we can draw the line and the ellipses shown. 

The two ellipses show at a glance what occurs in the 
rotor during each alternation. That numbered 1' 2' 8' etc., 
which really differs very little from a circle (its eccentricity 
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being exuggei'ated in the figure to show how it is tilted), 
shows that there is a i-otating magnetic field of sliglitly varying 
intensity which has the same fi'equency as the impi'essed field 
(giyeu by the line 12 3 etc.), the latter being wiped out, or 
rather transformed into a rotary held, by the currents in the 
rotor. The sense of rotation is the same as that of the rotor. 
The other ellipse (numbered 1" 2" 3" etc.) shows that there is 
a rotary current which varies in value between very great 
limits. At the moment 1" it is just past its maximum, and is 
flowing from right to left across the end of the rotor upon 
which we are looking, at the instant 4" it is near its minimum 
value and is flowing downwards. At 8" it is very great and 
flows from left to right. It will be seen that itrotates in the 
opposite sense to the rotor and the field. To see how such a 
cun'ent and rotary field can produce a torque, we must see, in 
the fiiBt place, the relation of their phases. When the cun-ent 
is at its maximum near the instant 16" the field is in phase 
with it — that is to say, both are represented by lines in the 
same direction, with tlie arrowheads pointing tlie same way. 
This produces a great torque in the sense of the rotor 
motion. At the instants 1" and 2" the curi-ent is diminish- 
ing and getting out of phase with the field, but the torque 
remains positive. As soon aa the angle between the two 
becomes greater than a right angle the torque becomes 
negative, but by that time the current has become small and 
the angle changes very rapidly, so that it is only during the 
instants 8" 4" and 6" tliat there is a small negative torque ; 
during the instants 6" 7" 8" 9" and 10" the torque is positive 
^ain, and is very great at 8". During the period of one 
alternation the torque is twice positive and twice negative, 
but the positive torque greatly exceeds the negative, and the 
interval of time occupied by it is greater. 

It may not at first sight be apparent how a rotating field 
which varies so little in value can produce a current in the 
rotor of such great eccentricity as that shown in the ellipse- 
It must be remembered, however, that the speed of the field 
relatively to the conductors is only (n — m), while the little 
variation which takes place iu the value of the rotatory field 
has a frequency of n p'^riods per second. 
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The inclination of the major axis of tlie ellipse 1' 2' 8' etc. 
to the direction of the impressed field increases as the speed 
of tJie motor increases. The angle between the two is i 

The counter electromotive-force in the stator conductors 
is produced by the rotation of the i-esultant field we have 
been considering. Its phase is therefore shown by the posi- 
tion of the vector 01', 02', 08', etc., which we have seen is 
practically the radius of a circle. The counter elflctromotive- 
force is at its instantaneous maximum value when this vector 
is at right angles to the central line which represents the 
direction of the impressed alternating flux. The current in 
the stator coil is at a maximum at the instant 1, because the 
impressed flux is then greatest. We see, therefore, that the 
inclination of the vector 01' at this instant, or, in other words, 
the ai^le which it has passed through since it was perpendi- 
cular to the central line, gives the 1^ of the current in the 
stator coils behind the counter electromotive-force. For 
instance, suppose that the motor is running nearly syn- 
chronously,^g will be almost nothing, so that B| may be taken 
equal to and in phase with fi,. B, gon the other hand, is 
practically wiped out altogether. At the instant 1, when the 
current is at its maximum, the angle which B, has passed 
through since it was at right angles to the central line ia about 
W. This is the angle of lag of the current behind the 
E.M.F. As load is put upon the motor ^^ increases, and the 
angle of lag decreases. It must not be supposed, however, 
that B , decreases, as it would seem to do inoar figure. Wa 
Diust increase the size of our figure so as to keep the vector 
representing the resultant magnetism nearly constant.' It 
would thus be possible for any given motor to go through the 
construction for different amounts of slip, and plot out the 
characteriHtic from the differences of the areas of the tri- 
angles A O P and A' O' P'. 

■ The rendunt mBgnettsm ts proportioiMl to tlie conntor E.U.F., which 
within practical working limlU does not alter 2 per cent. For the exact 
relation between impressed E.U.F. and cpanter E.M.F. see SteinmetE, Amrr. 
1-Mi. EUc. Engineer, Dec. 1894, p. 803. 
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CHAPTER IX. 

XnaBLLAHEOtrS ALTEBNAXE-OmtRENT HOTOBS. 

AliTBBlTATErOnBBEirF motoiB m&y be claasified as foUowB ^-> 

A. Single-phaae Synehrontma. — Ordinary alteruate-current 

macbinea, in foot, osed as motors. Tbej are not 
self-fltarting. 

B. PtAyphme Synchronous. — Mentioned below. 

C. PolyphatB AtynehronoKt. — The main topics of thia work. 

D. Single-phatt Atynchronout. — Tbe monophase motora 

already considered, and wliich require a starting-gear 
of some sort to split the phase. 

E. SerieitBound Laminated Motors. — For small sizes any 

form of contiiiuoua-current motor with ordinaiy 
commutator and brushes, provided the field-magnet 
is tboroagfaly laminated. They are not altogether 
satisfactory, as their self-induction is generally too 
great 
Synekronou» PolypKatt Motors. — A polyphase system of 
distribation, while giving great facility in the use of self- 
starting motors, does not sacrifice the possibility of installing 
synchronous motors incases where perfect uniformity of speed 
is desired. A synchronons motor for a polyphase system 
may consist of an ordinary alternator placed across two of the 
mains ; but preferably it is identical in construction to the 
polyphase generators described in Chapter I., and connected 
to all the lines. It differs f i-om an asynchronous motor mainly 
in the fact that instead of a rotor it baa a field magnet 
separately excited by means of a confdnuous current ; and aa 
tbe poles always keep the same position relatively to the iron 
of the magnet when once they are nm up to the speed of the 
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revolving poles of tlie armature, the North and South poles 
take hold of each other and the magnet ia dragged round in 
perfect synchronism. For the principles which govern syn- 
chroQOua running the reader is referred to the author's ti-eatise 
on Dynamo-Electric Machinery, and to other works ' on the 
subject. Tlie ordinary single-phase synchronous motor must 
be run up to speed by some independent source of power; 
but in a polyphase system the rotatory field acting upon eddy- 
currenta in the broad unlaminated poles of tield-magnets ia , 
sufficient to start the motor. It is' thus possible to ao far 
combine tlie principle of a polyphase asynchronous motor 
with a ti'uly synchronous motor, that it shall be capable of 
starting itself, and after running up to speed, will keep its 
speed at all loads as constant as the periodicity of the supply. 
It is to be noted tliat while a polyphase generator will alwaya 
act as a synchronous motor, it is not necessarily self-starting. 
Its design should facilitate the generation of currents in the 
polar pipjections if it is intended to be self-starting. A very 
good instance of an installation of synchronous motors of this 
kind is at the Ponemah Cotton Mills, Taf tville, Conn., U.S.A.' 
Six hundred horse-power is transmitted from a mill 3 miles 
distant, where water power is available, at a pressure of 2500 
volts. Tiie system is a 3-phase one. The motors are the 
same in construction as the generators, and while being able 
to start themselves, inin under load with perfect synchronism. 
Tlie efficiency of tlie complete transmission from the power 

' Dr. J. Hopkinson, "On the Theory of Alternating CurreatB, particu- 
larly In reference to Two AltemBte-CurreDt Machines connected to theauDB 
Circuit." Joum. Sot. Telt. Engiaeeri, vol. xiU. p. 486, 1884. 

W. M. Uordey, " On PanUlel Working, with Special Beference to Long 
Lines," IntL of Elec. Engiiieem, ixlli, 200, 1894. 

Dlonild, " Couplages et Synchronisation des Altenuteiin," La Lvmihre 
tlec, kIv. 351, 1892. 

Stelnmetz, " Theory of a Synchronous Motor," Anter. In»t. Elec. Engi- 
neer*, Oct. n, 1894. 

FIcou " TranemlBsioD de Force par Moteon Altenialifs Syncbronei," 
Soc. Internationale dea Eteetrlcien*, Feb. 1895. 

Bedell and Ryan, "Action of a Single-Phase Synchronotu Motor," 
Journ. Franklin Inal., March 1895. 

Rhodes, "Theory of the Synchronous Motor," Proe. Phjftical BoeUty, 
18GS. 

* Elec. Rev. (S. Y.) xiIt. p. 210. May 2, I8W. 
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applied to the dynamo pulley to that delivered to the motor 
pulley 13 reported to be 80 per cent, 

A number of ftlternate-cuiTent motora have been devised 
which do not come under any one of the preceding classes, 
and yet are hardly susceptible of classification. 

Mxhv, I%om«on'« Motor. — In the course of liia observations 
on the effects of alternate currents,! in 1886-7, Elibu Thomson 
observed that a copper ring placed in an alternating magnetic 
field tends either to move out of the field or to return bo as 
to set itself edgeways to the magnetic lines. It follows that 
if an ordinary armature (say drum-wound) is placed in an 
alternating field, and the brushes are given an angular lead 
in either direction and then short-circuited together, the 
armature will turn, and yield considerable power. When once 
BO set turning, the annature will continue to rotate, even if 
the brushes are disconnected or thrown oft. Following up 
this plan, he then constructed motors in which the use of 
commutator and brushes was restricted to the work of merely 
starting the armature, which when so started was then entirely 
fihortrcircuited on iteelf, though disconnected from the rest of 
the circuit. It thus operated purely as a monophase induc- 
tion motor. A motor of this kind was shown at the Paris 
Exposition of 1889. lu 1892, Elihn Thomson patented an 
alternate-current motor, for use with single-phase circuits, in 
which a rotatory effort was produced by the use of auxiliary 
condensers shunting the coils wound on alternate poles. 

Tb£ Ferranti-Wright Motor. — If one end of a laminated 
bar of iron is placed in a magnetizing coil supplied with 
an alternate current, it will undergo an alternating mag* 
netization. But if at a point further along it is surrounded 
by a Btout copper ring or ferrule, the eddy-currents in- 
duced in the latter, being out of phase with the primary 
current, will react locally on the alternating m^netization, 
and retard the phase of the magnetic polarity at all points 
beyond. Consequently, if two or three such closed rings 
or bands of copper surround the ii-on core at different 
distances along, the effect will be tlie same as if the poles 

> Ellbu Tbomeon, "Novel Phenomena of AlCematlng Currents," Mec. 
World (N. T.), Ix. 258, Uay 28, 1S8T; xiv. 231, October G, 1S89. 
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travelled along the iron at a finite speed, a north pole being 
followed by b south pole, and again by a north pole, each 
travelling toward the tip, and there dying out. On this plan 
the Ferranti-W right motor is based. It is used in Ferranti's 




FiQ. 148. Fig. 149 

altemate^unent meters. A pivoted iron disk ia placed 
between two curved pole-pieces of laminated iron, each oi 
which is fumislied with retarding-rings of copper, as shown in 
Fig. 149. 

Skallenherg^ » Motor. — This motor, which is used in an 
slternate-cui'i-ent meter, produces the rotation of an iron 
disk by a very neat method of splitting the phase of the 
alternate current. The disk is placed between two coils with 
a rectangular opening, within which, and also passing over 
and under the disk, is a closed coil, or rather stamping of 
copper, set obliquely at about 45" with the main coil, from 
which it receives induced currents. If it lay parallel to the 
main coil it would receive stronger induced currents, but 
would produce no rotatory effect. If it lay at right angles, it 
would receive no currents, and therefore also have no rotatory 
effect. As its currents are a little retarded behind complete 
opposition of phase, its oblique position gives a component 
to the resultant field producing rotation ; but the resultant 
rotatorj' field is in reality an elliptical one (see p. 64 above). 

Aildntori^t Motors. — In 1888 ' Mr. Llewellyn B. Atkinson 

(of Messrs. Goolden & Co.) devised some alternate-current 

motors which had the feature of two rotors (or amatures) side 

> Speclflcations of rat«nts, 16,852 of 1388, and 7895 of 1889. 
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\sj Bide, interconnected in their (closed) windings, and two 
separate stationary parts with windings into which the 
alternate current was brought. Each rotor served alternately 
asatmnaformer to sendcurrentinto its neighbor'a windings, 
8o producing a rotatory effort, though there is no rotatory field. 
The Stanley Kelly Motors .—Mr. William Stanley, of Pitts- 
field (Massachusetts), who was associated with Mr. Westing- 
bouae from 1886 in the development of alternate-current 
machinery, has devised a two-phase system,' in which the 
generator is of the " inductor " type, the only revolvingpart 
being a steel wheel with polar projections of laminated iron. 
The Stanley-Kelly-Chesney motor used with this system 
differs radically from tlie majority of those described in this 
work ; for in it there ia, in truth, no rotating field at all. The 
stator into which the 2-phase currents are led consists of 
two entirely separate parts, each of which is separately sup- 
plied by one of the two currents. There are therefore pro- 
duced two simply alternating independent magnetic fields 
with a 90° difference of phase between them. Within these 
two stators, wliich are fixed side by side, there revolve two 
rotors mounted side by side on the same shaft. The windings 
of these rotors are so interconnected that the wire which lies 
directly under the poles on one armature is in series with the 
■wire that lies between tlie poles in the other. So connected 
each rotor acts alternately as a motor to receive current and 
be driven by it, and as a transformer to send current to the 
other. The windings on the two rotors together are closed, 
having no external connections by slip-rings or commutator. 
■ It is claimed that tliese motors will give a torque at starting 
from 14 to 2 times as great as when i-unning at full load. 
Condensers are used in parallel with the stator circuits to 
furnish at starting the idle current, and prevent the inductive 
drop in the pressure. A resistance is inserted in the circuit 
at starting. 

T. DunearCa Motor. — This is a form intermediate between 
Shallenbei^r's and Ferranti's, the oblique coil of the former 



1 Eltctrical World, p. 325, 1893. 
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being replaced by an oblique iron core surrounded near it3 
extremities with throttling circuits of copper. It is applicable 
to three-phase circuits, and is intended for use in meters. 

Mordey'a Motors. — Mr. W. M. Mordey has designed vari- 
0U3 forms of alternate-current motor. In one of these — a 
motor with lamiuated iron throughout— he proposes to pass 
part of the alternate current through a commutator on the 
ahaft for the puipose of exciting tha field-magnet, so tliat as 
the motor acquires speed the frequency of the alternations of 
current in the motor itself is i-educed until synchronism is 
attained, when the current, so far as the magnet itself is ooa> 
cemed, becomes unidirectional. 

Gam's Motor. — A similar proposal emanated from Messrs. 
Ganz and Co., of Buda-Pesth. 

W. Landon-Saviee's Motor. — This is a form of split-phase 
motor having two or more sets of coils placed at differ- 
ent angles ; the windings being calcolated so as, while 
producing equal ampere-tnms, to have phase-angles which 
are the supplements of the position angles of their tespectiTe 
coUs. 
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POLYPHASE TKANSFOBMBK8. 

The principles underlying the transformatiou of polyphase 
currents to currents at a higher or lower pressure, hai-dly differ 
from those involving single-phase currents. The law which 
6tat«s that the ratio Ei \ E* between the electromotive-forces 
in the primary and secondary is equal to the i-atio between 
the number of winding Si / S|, is of course applicable to every 
case of coils wound upon the same magnetic circuit, and the 
laws relating to the losses in the copper and iron are appli- 
cable to polyphase and single-phaae currents alike. Indeed, 
the transformatioiiof polyphase currents might be carried out 
entirely by means of ordinary single-phase transformers, it 
being only necessary to place a transformer in each of the 
polyphase circuits to raise or lower the tension to any desired 
extent. It is, however, convenient to have one transformer 
for all the circuits, and a saving in material is effected by so 
doing. In the case, for instance, of 3-phase working, just as 
thi-ee of the six wires originally employed can be dispensed 
with and a saTing in copper affected by joining the three 
circuits to a common junction, so there is a corresponding 
saving in iron by having a common junction at each end of 
the cores wound with the various circuits of a transformer. 
Fig. 150 shows diagrammatically a transformer in which the 
cores ABC are so joined to a common junction at each end. 
In order that the cores may be properly laminated, it is 
easier to build them of iron stampings of the forms shown in 
Figs. 161 and 152. If the coils are wound around A, B and C, 
the flux in these cores will follow a law similar to that of 
the circulating currents ; that is to say, it will be a S-phase 
flux, there being a difference of 120° between the flux-phaae 
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of each limb. It will be seen that the portions D', D" and 
D"' in Fig, 152 form a mesh-connection of the paths A, B 
and C ; there will therefore be a difference of 120° between 
their respective flux-phases ; and generally it may be said that 
Fig. 55 (p. 46) which shows the relations both of magnitude 
and phase of the currents in a mesh-circuit ia equally applicable 
to the fluxes in the various parte of the core shown in Fig. 152, 
where A, B and C take the place of the line wires, and D', 



^ 






Fio. 163. 

D" and D'" the phase of the limbs of the mesh. We may- 
take D' D" and D"' as the cores of transfoi-mer instead of A, 
B and C, or we may wind both or either set with primary or 
Becondary coils, and as such coils may themselves be joined 
up in star or mesh, a great number of combinations and per- 
mutations are possible. 

The transformers actually employed in 3-phase work- 
ing usually consist of three vertical columns of laminated iron. 
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having comraoa yokes across tha ends ; the priiuary and 
secondary coiU being wound in the usual manner over tho 
TBrtical parts of the core. Fig. 153 illustrates a S-pliase 
transformer made by Measra. Siemens and Halske of Berlin. 
The transformera used in the famous LaufEen-Frankfort 
transmission of 1891, and still used in the supply of S-phase 
current to the town of Heilbronn, are 
illustrated on p. 386 of the Official 
Report referred to above (see p. 106). 
Tliey were designed for the parpose 
of transforming from 15,000 volts 
to 100 volts, or vim vend, but ad- 
mitted of various groupings. The 
arrangements of the circuits was 
aiustrated in Fig. 103, p. 107. The 
common junction of both the high- 
pressure and low-pressure windings 
was in every case put to earth. 

For 2-phase transformation two 
separate tmnsformersmightbeused, 
one in each circuit. But just as in 
the circuits themselves there is some 
saving of copper by combining them 
so as to employ three lines instead 
of four (one of slightly greater sec- 
tion serving as a common return 
for the other two) ; so there is a 
saving in combining tlie two iron 
(nrcuits in one, having in one part a common core. The 
appropriate armngements and connections of the windings 
are shown in diagram in Fig. 154, 

The proper cross-section for the common core is f/2 times 
that of the separate cores, if tlie same maximum of flux- 
density in the iron is to be attained. 

tn those cases where a mesh-grauping is adopted in a two* 
phase generator the circuits are not capable of being used 
with a common return ; two separate lines must be used for 
each circuit. But if trannformers are used at both ends of the 



Fio.153,- 
Trajisfobuer ooh- 

6TEUCTKD BY SlKMENS 

amdHusee. 



Dijilized by Google 



Polyphase Transformers. 179 

imnsmiaaion, three lines only are needed. ThU disposition, 
which is shown in Fig. 155, was used bjr Schnekert & Co. at 
Prankfort in 1891 in one of their tmMinissions o£ power. 







Ro. 155. 

Plva^ran^ormaivm.—-^o far we have dealt with tho 
[Boblem of tiansforming the voltage of a given eystem of 
eorrents. But there is another problem needing solation, 
naniely, that of transforming 2-pha3e cunente into ft^ha»e, 
or vi'ee v«rtf(. 

The simplicitj with which tliis problem can be resolved 
will easily be onderstood by further developing the ideas un- 
folded above. 

When a transformer of the type shown in Fig. 162 is in 
action, the field is in the nature of a rotatory one. The core 
k in the shape of a wheel with three spokes. If we increase 
the number of spokes as shown in Fig. 156 we get a more 
nniformly rotating field. 

We may have as many spokes as we like wound with 
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primary coils, and we may divide the lim of the wheel intoas 
many portions as we like, each wound with a secondary coil, 
^nd tlius we may transform from a system of currents of any 
aumber of phases to a system of any other number, provided 
we start with something more than a 
single phase, so as to obtain a rotatory 
field, and not a merely alternating one. 
The same result can also be effected 
by dividing the rim into a certain 
number of parts wound with primary 
coils, and into a different number of 
parts wound with secondary coils. In- 
Fia 106. stead ofspokes, in suchacase the centre 

would be filled up with iron, leaving 
gaps justsufficient for the windings. It is not even neces- 
'sary to have primary and secondary coila. If there be 
ooe closed winding on the rim, like the winding of a 
Gramme ring, and wires of one system of currents be con- 
nected successively at equal intervals all round to this winding 
it is possible to draw off a system of currents of any other 
number of phases by merely 
joining the required number of 
wires to the winding in the same 
manner. The first suggestion 
for transforming from 3-phase 
> to 2-phase on this plan was 
made by the author at a lec- 
ture delivered at the Royal 
Institution, Feb. 23, 1894, on 
j the transformations of electric 

'•* currents. On that occasion a 

PiQ jgij^ ring-transformer having twelve 

coils inclosed series was joined 
to a S-phase supply at three equidistant points. A, B and C. 
An alternate current could be taken off from the two ends 
3f any diameter across the windings, as from A A,, whilst at 
the same time another alternate current, of voltage equal 
»> the former, could be taken off at the ends of a diameter 
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D D, nt right angles to A A,. . As in this case the 2-phaae 
coils subtend 180°, while the S'phase subtend 120°, the I'ela- 
tive voltages will be as 1 : 0*75, being proportional (if the 
disti'ibution of the magnetic flux follows a sine-f unction around 
the periphery) to 1 — cos fi; where j3 is the angular brendth. 

By such an apparatus any desired phase-transfonnatioa 
might be effected. The magnetic circuit is greatly improved 
by providing an iron centre-piece, properly laminated, whether 
stationary or revolving. 

A few days later, on March Ist, 1894, at a meeting of the 
Kational Electric Light Association, at Washington, Mr. C. F. 
Scott, chief electrician of the Westinghouse Company, pro- 
posed a different solution of the same problem, requiring tlie 




use of two transformers. As arranged for transforming from 
2-phase to B-phase it is described as follows : — " The 
primaries of two transformers are connected to a generator 
giving 2-phase current. The secondary electromotive-forces, 
therefore, differ 90". One secondary is made equal to 100 
turns, and a loop is brought out at its middle point, giving 
60 turns at each side. The second secondary lias 87 turns, 
which is approximately 50 multiplied by the square i-oot of 
8. One end of the secondary circuit is connected with 
the middle point of the secondary of the first transformer, as 
shown, and the three free terminals will then deliver electro- 
motive-forces differing in phase 120°. If the electromotive- 
force on each primary be 1000 volts, and on one secondary 
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100 volts, and on the otlier 87 Tolts, tliea tbe eleetromotiv* 
force meaaared between anj two secondarj terminals will be 
100 volte." 

Meth>d» of Trantf arming (^Single-phate) AiUnu^ CWr«n<a 
into Two-phau or Three-pKtue. — The following metkod of ob- 
taining 8-phase curreiit:^ out of 2-phase is das to U. Ddsir^ 
Korda. It consists in principle of a transfonaer with throe 
cores, and of a morable self-induction coil. The cirouit 
carrying the monophase current, c = G an pt^ ia divided 
into two branches I. and IT. having the saute ohmio resist- 
ance. A self'induclioa coil is inserted into hrsnoh II. in 
order that 

•;? = y 3 = tan 60- . . . 0) 

The current in bmnch I. may be expressed bjr 

ci= — sin^i. 

The cunent in braoch II. Is expressed hj 

et= ' sin (pt — ^) 

i'iVXp'iJ' 



That is to eay, e, will be one-half of current e so long u 
equation (1) is satisfied. If the branch II. contains n tume 
on one of the cores of the transformer, the branch I. musi 
contain ^ n turns wound on the second core, and the dlreotioos 
of the windings are opposed to each other, so as to produce 
an equal flux in each core, differing in phase by 120°. The 
third core of the transformer is wound with both branches, the 
direction being snch as to produce a third fliix, differing again 
by 120" from the other two. Three-phase currents are then 
obtained from secondary currents wound on tlie three coits. 
Methodt fff Tra7i»forming Continuous Current into Poiy- 
phaae Alternating Currents, or vice ver«<f.-— The methods 
of trausfarming continuons currents into simple altemat- 
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iDg currents, or vice versd, are applicable also to polyphase 
currents. For brevity we may write A C for alteruating 
curretit8,C C for continuous Gurrents,an<l P C for polyphase 
currents. 

The oldest method of transforming C C to A C or vice 
versd, is by coupling together two machines, one of each kind, 
the one as motor to drive the other as generator. An example 
of this exists at the town of Cassel, which has a continuous 
current tliree-wire supply (with accumulators) fed from C C 
dynamos which are diiven by A C synchronous motors le- 
ceiving single-phase alternate outrenta at a high voltage from 
a distance. 



In the second method, an armature revolving in ama^ 
netic field receives C C to drive it as a motor, and gives out 
A C by means of slip-rings suitably connected to the same 
windings. Fig. 159 lUustrates this mode of transformation, 
whicli can also be used for the converse change of A C into 
C C. In the drawing the revolving armature is shown as a 
simple coil with a two-part commutator for the C C connec- 
tions ; butin practice a more complex armature with a many- 
part commutator is employed. For example, an ordinary 
Gramme ring is used, with the addition of two slip-rings, 
which are conducted to two points 180° apai-t. Such a 
machine has been in use at the Technical College, Finsbuiy, 
since 1885, when the rings were added by Dr. Walmsley. It 
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will serve as a transformer either way, or, if driven by power^ 
will furnish either kind of current, or both at once. In 1887, 
a patent was taken out by the Helios Co. for this very com- 
bination : and in 1889, Mr. Bradley and Mr. Tesla patented 
similar devices. For producing 3-phase currents from C C, 
tliree slip-rings must be connected on at three symmetrical 
points. For two-phase currents four slip-rings are connected 
at points 90" apart. In a recent apparatus of Hutin and 
Leblanc ' a row of eighteen slip-rings are connected at as 
many symmetrical points, giving rise to eighteen alternate 
currents, eacli differing in phase by 20° from its next 
neighbor. 

A simple revolving combined commutator, like that of 
Fig. 159, would suffice to convert C C into A C, or to rectify 
A C into C C, without any field-raagnet, were it not for the 
practical difSculties arising about sparking. The nse of the 
field-magnet is to balance the electromotive-forces in the dif- 
ferent parts of the windings, as well as to maintain the 
proper rotation. 

At the Frankfort Exhibition of 1891 many revolving 
transformei-s based on this plan were shown. The firms of 
Lahmeyer and Schuckei-t, in particular, displayed many very 
interesting forms of polyphase apparatus, in which this feature 
was prominent (see p. 104). 

Messrs. Schuckert & Co. showed a six-pole ring-wound 
machine, capable of transforming from a continuous current 
or single-phase, 2-phase, or 3-phase currents to currents 
of any one or all of the other three kinds. It consists 
of an ordinary ring armature with a 144-part commutator, 
whose windings in front of the different pairs of poles are 
cross-connected in parallel (Mordey's well-known method). 
As there are 144 sections in the winding, and six poles, the 
number of sections that lie between any pole and the next 
pole of the same sign, will be 48. From Kos. 1, 17 and S3, 
that is to say, at points equally spaced out at distances of 
one*third of the extent of the winding between any pole and 
the next pole of same sign, are attached three wires which are 
■ Se« an ftrllcle in f ^arUAen of April 21«t, 18M. 
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brought down to three slip-rings, from which bnialies snpply 
8-phase cuiTents. To four points also equally spaced along 
the same section of the winding (namely Noa. 1, 18, 25 
and 87), are attached four wires, which going to four other 
slip-rings, supply both single and 2-phase currents. 

Messrs. Schuckert have installed at Budapesth a station 
outside the town, from which power to the amount of 
1000 kilowatts is transmitted by a 2-phase system, at a 
pressure of 2000 volts, to several sab-stations in the town, 
and is thei'e transformed into a continuous current. Each 
transformer is a double machine consisting of an alternate- 
current motor and a continuous-cun-ent dynamo mounted on 
the same shaft. The eiGcieucy of transformation is 86 per 
cent. An installation has been erected by the same firm at 
Bilboa, in which a 8-pbaee generator is coupled direct with 
a turbine, and transmits 46 kilowatt-s to a station at a 
distance of two miles, where it is transformed into a continuous 
current. 

An eight-pole revolving tmnsformer on a similar principle, 
but having a wave-wound dium armature, was shown at 
Frankfort by the Allgemeine Company. It could receive 
continuous current at about 100 volts, and transform this 
into 3-phaae current at about 70 volts. This transformer 
is now in the laboratory of the Technical College, Fina- 
bniy. 

M. Hospitaller has drawn up a general classificatioQ^ of 
apparatus for effecting tmnsformations of currents of one 
species to those of another, and designates such aa polymorphic 
machines. 

At Dublin, an electric traui./ay using continuous currents 
at 500 volts is being worked by power tiansmitted by a 
S-phase system at 3500 volts. lu this instance the transfor- 
mation is effected by motor-dynamos placed in sub-etationB ; 
each machine consisting of a synchronous S-phase motor 
rigidly coupled to a continuous-current generator. The 
machinery is supplied by the British Thomson-Houston Co. 

The subject of transformers would be incomplete -without 
' SoeUU/rangaite de Pht/alquf, 1894, p. 203, 
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a Tefereooe to the aaXo-tra-M^ormer used Boinetimefi iriieii a 
smaller electromotive-force is requii-ed for a sliort time, as in 
the case of the starting of a motor. The aato-tiansformer 
(or " one-coil " transformer) merely coiisiete of a coil of wire 
wound on an iron coi-e, and connected across the mains. To 
some point in it, at a greater or less distance from one end, 
according to the voltage required, a branch wire is attached 
and current is drawn off between this branch and one end. 
It will be seen tliat a much greater current can be drawn off 
in this way than is actually supplied by the nituns, as the 
piece between the branch and the end in use acts as the 
secondary of a transfonner. 

Pol^phate Chokitiff- Coils. — Polyphase choking-ooils can be 
CMmstructod upon the plan of polyphase transformers by Dsing 
one set of windings ^n two or in three phases) npon the cores 
in lieu of the primaryand secondary windings- The ordinary 
roles for winding choking-coils apply, due regard being had 
to tlie groupings of the phases. 
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CHAPTER XI. 

MKA8UBBMKST OF POLYPHASE PO-STHB. 

As is well known, the power given by an alternate onrrent 
to any part of a circuit may be measured in seyeral ways: 
bgr the nse of a wattr-meter; by the raethod of the three Tolt- 
metets ; or by Beveral analogous methods.* 

In the case of 2-pliase and S-phase systems the. e is some 
complication. In cases where the two or the three eirouits 
are kept separate, a suitable watt-meter in each sufBoes ; and 
the total power supplied is the sum of the amounts measured 
separately. For example, in a three-phase system, arranged 
in either star or mesh, a separate measuremeot may be made 
of each limb of the circuit. 

It is obvious that in tbe case of Sybase motors such 
a method of measurement would be highly iuoonvetiieiit; 
and it is easily shown that a simplification may be effected. 

In the case where there is per* 
fset symmetry in the three circuits, 
it IB obviously sufficient to measure 
with a wattmeter the power oon- 
SDined in any one of the circuits, 
and multiply by 3 to ascertain the 
total power. But In any general 
difitribntion no such equality <rf "~»-Vv' 

oonsQtuption can be assumed to ***■ **• 

exist. 

Three^haw Power Measurement. — When we have three 
cnrrents in tliree cooductont, one of which is the resultant of 

'For these the reader is referred to such worka aalleiiiln^i AUemats- 
evffent Transformer, or Btakeal^'a Alternating CwrenU <^ USeetrlctty. 
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the other two, and we have a corresponding relatioa between 
the pi-essures across the three conductors, it is evident that 
these six quantities are uot independent of each other, and 
therefore it should he possihle to measure the power without 
having to measure all six. 

Take the simple case of a 3-phase circuit of incandescent 
lamps joined in mesh-fashion, as in Fig. 160, where a, h and 
« are the lamp-circuits. Denoting by u, h and e the currents 
in these circuits, and by V^^ V,, and V^, the pressures be- 
tween their ends, we have the total watts 

Taking the positive sense as indicated by the arrows in 
the figure, we have at any instant 

aabatitating in above 

If ^ 9 and r are the currents in the mains leading into Uve 
mesh, then (6 — a) =:y, and (c — a) = — p; therefore 

This expression appears to be the difference of two 
quantities of power on account of the sense chosen as positive 
in the figure if we reverse the sense of the pressure between 
r andp; then as V^p ^ — Vj,,, 

That is to say, if we pass the current q through the series 
coil of a watt-meter whose shunt coil is connected between 
J and r, and pass the can-ent p through the series coil of 
another watt-meter whose shunt coil is connected between 
p and r, then the sum of the watts registered by the instru- 
ments is the total power absorbed in the circuits a, h and e. 

If the circuits form a star-grouping a similar formula oau 
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be deduced. Employing the letters of Fig. 54 (p. 46) we 
have the total watts 

Taking now the currents, instead of the pressures as in 
the case of the mesh, 

a+^-f-ff^O; ,' ,a^ — i- — e. 
Subaiituting as before and noting that 

V^, — Vj. = V., and V^.— V.. = V,, 
we get 

Two watt-meters of suitable construction suffice, therefora, 
to measure the power. Dr. H. Arou ^ has constructed a meter 
suitable for measuring the consumption, the design of the 
instrument being a modification of his well-known pendulum 
meter with differential gearing. The S-phase meter has 
its second pendulum accelerated by the two movable ooils 
of the two watt-metera, each moTing coil lying within its 
corresponding fixed coil. 

Odier forms of polyphase met«r have been proposed I7 
T. Duncan,* and by Shallenberger.' 

1 EIeitro(ecAnfacA« Z^Uehtift, xllt. 198, April, ISOS. 
• Speciflntlon of British Patent 6241, of 1893. 
■ Spedficatloa tA BrlUab Patent 148, of ISQfi. 
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CHAPTER XII. 

NOTES ON DESIGN OF KOTATOEI-FIBLD MOTOBS. 

As with every class of machinery, so with polyphase motoiSi 
only practical experience can lead to excellence in design. 
All that can be given here is tlie fundamental ai^uinent upon 
which the general dimensions and winding of a motor de- 
signed for a particular purpose are based. 

The problem we have to consider is : Required, a motor 
^f a given number of phases for a given volti^e of supply, 
■what shall be the dimensions of its parts/and the number of 
rits windings in order that it may yield a certain prescribed 
;power? 

Let us begin with the stator. The duties of tlie conductoiB 
•of the stator (so far as the purposes of design are concerned) 
are (1) to provide a back electromotive force equal to V, the 
Tolti^e of supply ; (2) to carry a current in each circuit equal 

■ to -^j-^ , where W stands for total watts taken in at full 

V A cos* 

load by the machine, and h is the number of circuits. The 

. cosine of the angle of lag (cos *) may be tdien at 0*85. Fop 

instance, in the six horse-power 2-phase motor, shown in 

■Plate I., intended for 100 volts, particulars of which are given 

-on p. 211, taking the efficiency at 80 per cent, the watts 

'absorbed at full load will be 5600. The current in each 

xircuit will be 

5600 „,, 

s-^ = s~T= = 38 amperes. 

100 X 2 X 0-85 ^ 

The smallness of the stator is limited by tlie fact that we 
'have to get into it (preserving tlie proportions between iron 
.space and copper space specified below) acertain total length 
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(rf active coodactor ^hich vill perform these duties. The 
total length of active coDdnctor in each circuit can be found 
from the equation. 

10« ' 

where V = pressure of supply in virtual volts. 

V = volts lost in resistance of stator conductors (see 
below). 

y = factor depending on the angular breadth of the 
coils (see p. 25), and may be tc^en as 0-9 
for a 2-pha8e motor like Fig. 97, and as 0-96 
for a 8-pha9e motor like Fig. 67. 

B = virtoal ilux-density (see below^. 

i. = total length of active condactor required. 

• = linear speed of magnetic field in cm. per second. 

The lost volts V may be taken between 0-05 V for small 
awtors and 0*02 V for motors of 100 horse-powei* and over. 

We have denoted by B the V mean sq. value of the flax 
density in the air space. As the maximum value of the flux 
density ought not to exceed 60O0 lines per sq. cm. (which 
means over 11,000 in the iron between the holes), we may 
take 6000 + /2, say 4200, as the value of B in the above 
«qaation. 

With regard to « it is difficult to Iny down any rule, as it 
depends a great deal upon the purpose for which the motor is 
intended. The linear speed of the periphery of a rotor may 
be carried to a much higher point than is desirable in the case 
of an oi-dinary dynamo armature. While 1600 cms. per second^ 
is an ordinary speed for the periphery of b. 100 horse-power 
armature, a rotor of this power may be run at 2400 cms. per 
second with equal safety. The linear speed of the periphery 
alters very little with the size of the machine, in fact 2000 cms. 
per second is a good useful speed for machines from 10 to 100 

1 Since 1 foot spproslmfttel; «qiuls SO cm.. It followa that a speed ol I 
em. per wcond la approxlrnktel; equAl to 2 fe«t per mllinte. Hence ICOO 
em. per second la about «qiud to 3000 (eet per minute. 
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horse-power, though it may he increased confiiderabi; beyond 
this for machines of very great radius. The speed t of the 
magnetic field is from 2 to 5 per cent, higher than this, accord- 
ing to the amount of slip. The radius of the rotor, for reasons 
which will appear later, varies very neai-ly in proportion to the 
square root of the honae-power. From a comparison of the 
dimensions of well designed polyphase motors it appeara that 
the formula 

r = 200 \/^^ 

gives us in centimetres the length.of the radius suitable to 
fonn the basis of the design. This formula is based on the 
comparison of motors intended for a frequency of about forty or 
fifty periods a second. For higher frequencies sufficient dataare 
not available, but as theoretically the frequency does not affect 
the size of the motor, it would seem that the general method 
of design indicated here is applicable to frequencies as high as 
100 per second. Of course a wide departure from tiie radius 
calculated as above would be admissible. If on roughly 
calculating out the dimensions the length of the rotor in the 
direction parallel to the shaft came out too long, it is easy to 
assume a larger radius than the formula gives, and recalculate 
from this point onwards. A suitable number of revolutions 

per second (here denoted by «i) will be about — '■■ The 
frequency of alternation of the supply we will denote by n. 
The number of pairs of poles produced by one circuit of the 

stator (carrying one of the polyphase currents) will he ~ 

where nt is the number of revolutions of the field per second. 

This ratio — must be a whole number, and we can therefore 

n» 
t(^e it as the whole number which will make nt as nearly aa 
possible equal to I'OS ni (allowing a slip of three per cent.). 
The linear speed t will then be 2 it n* r. Of course a maker 
may modify this calculation by other considerations, as, for 
instaiice, when he has already iron stampings in stock which 
will do for the motor. 
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HaTing fixed 9 we have all the data from which to calcu- 
late ^, and upon this and the cross section of the wire the 
breadth of the stator depends. 

The diameter of the conductor may be chosen so that the 
current density amounts to between 250 and 800 amperes per 
square cm., according to the mode of insulation and facility for 
cooling. We will denote by a the area occupied by the cross 
section of a conductor, including insulation and space lost in 
packing. 

Next we have to consider into how many pieces the total 
active conductor in one circuit shall be divided. The total 
space available for the stator conductor will depend upou the 
radial depth d of the winding (see Fig. 105). ' 

It is desirable to make d as small as possible, for the 
greater it is the greater will be the amount of magnetio 
leak^e. In general it may be taken as twice the breadth of 
ahole, though this will be subject to modification to suit other 

matters in the design. We have seen that — ia the number 

of pairs of poles, and from this and the number of phases the 
number of holes can be settled. For instance, if the winding 
is to be like that shown in Fig. 171, and the number of phases 
is two, taking the frequency n at 50 and ti, at 5, the number 
of coils in each circuit will be 20, that ia 40 coils in all. 
The question bow many holes we shall allow for each coil (or 
for each wave if a wave winding ia adopted) depends upon the 
diameter of the stator and the number of coils or waves. We 
cannot do better than follow the example of such designers as 
Mr. C. E. L. Brown, and make the iron between the holes 
about the same breadth as the holes tliemselves. This will 
mean that where there are only a few coils, as in the four-pole 
motor, Plate I., a number of lioles (four in the figure) will be 
assigned to each coil ; wliere, on the other hand, the number of 
coils is great, as in Fig. 171, two holes only will suffice for 
each. The object in view is to keep the winding as near to 
the surface of the stator as possible. Having ascertained the 

most suitable number of holes {g) the breadth of each is ^—, 

9 
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and taking d u twice the Ineadtb, we bare the area Dearly 

^ ■ — s — From this we must allow a certain area for the 

paper tube or other insulation, and then we have left the 
available area A of each hole. 



each hole, and f- X —^ total number of condoctore in one 
A a 

oircnit. Therefore the length of each oondnctor must be 

I in centimetres s=: X — - . 
tf A 

This gives us the breadth of the stator &ce. It will be 
seen that the last variable that we have taken, the one io 
&ct which finally adjusts the machine to the desired voltage, 
is the length of each active oimductor, or, what is the same 
thing, the measurement across the stator face parallel to tbe 
axis. This is a measurement which cau be varied consider- 
ably in its relation to r without interfering either with the cost 
per horse-power or the efficiency of the machine. It will be 
found, however, tliat in laige machines it is alwa3r8 made 
smaller in proportion to r than in small machines. As the 
stator is bnilt of laminated iron clamped together, there are 
mechanical reasons why its breadth should not be great as 
compared with its radial depth. It is partly on account of 
this that we find the radios of the rotor varies as the square 
root of the horse-power rather than as the cube root. The 
ladial depth is about one-half of the breadth of one pole. 
The fact that the radial depth d of the stator holes decreases 
in its relation to the tadius as the radius is increased, causes 
the stator breadth to increase a suitable amount as the size of 
the machine is increased, lor the power of tbe machine is 
roughly proportional to the weight of copper in the stator. 

The dimensions of the stator having been fixed, those of 
the iron work of the rotor immediately follow, llie total 
breadth of laminated iron in the direction parallel to the axis 
is the same in each. The air space between the two is made 
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48 small aa poseible, allowing just enough room for ihe rotor 
to I'un clear under practical working conditions. In tlte- 
motor shown in Fig. 105 the airspaoe is only 0"6 mm. across, 
that is to say, the outside diameter of the rotor is 1 mm. lesB^ 
than the inaide diameter of the stator. In small motors of 4 
or 6 poles the rotor is built up of diske, such as that showii< 
in Fig. 105. When the poles are numerous, the centi'e portion 
of such disks would he inoperative ; the laminated portion of' 
the rotor is therefoi'e in the form of a ring, which may be 
built up of pieces of sheet iron, interleaved at the junctions,, 
and bolted together on the rim of a cast iron support, which, 
may be in the form of a wheel such as shown in Fig. 170. 

We have seen that it is desirable, though not absolutely- 
necessary, to have the number of the conductors on the rotor 
incommensurable with the number of holes in the stator, so^ 
that there may be no tendency either at starting or at any 
speed below synchronism for the two to cog magnetically into- 
one another. When the rotor bars are merely Bhurt-circuited 
at their ends with a solid ribbon of copper, no difficulty ia 
experienced in. choosing a suitable number. For instance, in 
Fig. 105 the number of stator holes is 40, and the number of 
rotor bars 87. 

When it is intended to connect the rotor bars in a regular 
winding, either for the purpose of inserting a resistance at 
stnrting or for the purposes discussed on p. 122, some dis- 
cretion must be used in the selection of their number. If, for 
instance, we intend to form three circuits to bring down to slip 
rings on the shaft, for the purpose of introducing resistance at 
starting, we may divide the space occupied by one magnetio. 
pole into three divisions 1, 2 and 3. All the conductors in 
division 1 in front of a North pole may be connected to con- 
ductors in divisioh 1 in front of a South pole, and so on,, 
forming a wave winding round the I'otor; and the conductors- 
in divisions 2 und 3 forming similar wave windings. If there- 
are the same number of conductors y in each division, then the- 
total iiuroberof conductora will be3yp where y is thenumber 
of single poles. This number will ordinarily have a common 
factor with the number of holes in the stator, but that in itself 
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will Qot preTent the motor from starting when the conductors 
are sufficieatlj numerous, and particulai-ly if the numbers 
within the breadth of one pole are incommensurable. For 
instance, in the motor shown in Fig. 170 the number of holes 
in the stater is 80 and the number in the rotor 180: tho 
numbers in the breadth of a pole are 4 and 9 respectively. 

In fixing the cross section of the rotor bars it will be 
remembered that the greater it is, the greater will be the 
efficiency of the rotor, provided proper iron space is also 
allowed. There is nothing to be gained by making the total 
cross section greater than the total cross section of the stator 
windings, and in practice it is generally a little less. The 
current, per centimetre of periphery, in the one, is (neglecting 
magnetizing current) equal to the current per centimetre of 
periphery in the other. The conductors being of solid cop- 
per, and only lightly insulated, can be put into much less 
space than the stator conductor ; and for this reason the 
holes in the rotor are usually smaller than one-half the size of 
tiiose in the stator. 
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CHAPTER XIII. 

HECHANICAL PB&FORHANCE OF POLYPHABE M0T0B8. ' 

The three chief requiremetitB in the mechanical performance 
of a motor are (\~) it shall exert a good torque at starting; 
(2) it ahall be capable of running at neatly constant speed 
at all loads ; (8) it shall yield in mechanical power a high 
percent^e of the power put into it. 

The Starting of Polyphaae Motors. — The conditions under 
which a great torque at starting can be obtained in a poly- 
phase motor have been considered in Chapter VI. The actual 
torque obtained of course depends upon the carrent which is 
passed through the stator coils. It may amount to four or 
five times the torque at full load. In the case of large motors 
it is undesirable to draw such a lai^ current as would, if 
unrestrained, flow through the motor while it is getting up 
speed. The resistance inserted in the rotor circuit has the 
effect of keeping down the stator current by allowing tlie 
stator to act as a choking coil ; ita self-induction not being 
wiped out by the currents in the rotor, as would be the case if 
no resistance were inserted. At the sapie time a much 
greater torque is obtained, as shown in Chapter VI., than if 
the cuiTent were kept down by a resistance in the primaiy 
circuit. Fig. 161 shows a resistance composed of three vessels 
containing liquid to which the thi-ee wires from the rotor slip- 
rings are attached. The common junction consists of three 
plates, which can he raised and lowered in the liquid so that 
the resistance can be altered at will. In some cases the 
resistance is carried in the body of the rotor itself, and a 
device is mounted on the shaft for short-circuiting it after the 
motor has got up speed. For all small motors, and indeed 
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ioT all sizes up to 10 hoise-power, this arnmgement is to ba 
preferred, as it dispenses with all complicatioim of slip-ringSr 
brushes, and the like. Large motors are generally started 
light, and Uie load is gradually put on by helt-shafting or 
friction-pulley devices. For cranes, elevators, &c., special 
motors are made without collecting rings and brushes or any 
other means of iDsertiug a resistance in the rotor circuits. 
Tbeae have a large armature- 
slip (up to as much as 12 per 
eent.) and a low power factor,, 
but they start with an initial 
torgue equal to two or three 
times their normal load torque. 
The following table, supplied by 
Mr. Kolben, gives tlie current 
and voltAge at the terminals of 
a standard 9 horse-power ci-ane- 
motor, made by the Oerlikon 
Compsuy, at starting with various loads. The pull between 
armature and field is not constant in all positions of the 
armature ; the minimum and maximum torque is therefore 
indicated. 




Ito. 161.— DOBROWOIBKY'SSTAItT- 
mO-BESieiANCE. 



SlABtraa TORQCE of 9 HOBSB-FOWKB TmtEE-PHABE Crame Hotok. 



Volts between 
neutral point 

termlnaL 


eMbbntnob 

at starting. 


Pulllnldloga. 
on lever o( 

IS em. at mat 


48-6 


flO 


IS- 80 


58 


AS 


80-60 


«9 


100 


60-90 


70 


106 


60-100 


80 


lis 


9fr-140 



The same motor, when running light at a speed of lOOO 
revolutions per minute, with 110 volts pressure, took 2(i 
amperes. At normal load the current was 39 amperes and 
the speed 890, developing 8-5 horse-power. 
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Dr. Louis Bell, in a paper lead before the American In- 
stitute of Electrical En^oeers, Juiaatj 17, 1894,^ giree a 
namber of useful experimental data as to ability of motora to- 
start under load, the ciurent required at starting, and Tarioos- 
other matteis. The curves in Fig. 162 are taken from hia. 
paper ; tliej show the starting torque of a triphase 5 horse^ 
power motor. B, tdKws the variation of torque with current 
for a given fixed resistance in the rotor circuit, the voltage 
being varied, and the resistance being such as to give a heavy 
torque. Bt is the same aa B*, except that the resistance was- 
such as to give very moderate starting currents. The full 
normal load torque was 17-5 lb.-ft. It will be seen that the 
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motor when starting will develop full load torque on conaicW 
erably less than full load current. With full load current, in 
fact, the torque at starting is 50 per cent, moi-e than the running 
torque. Similar curves are given for a 10 horse-power motor, 
and also curves sbowing effect of varying the resistance. 

Tke Starting of Monophase MotorB.-^-The methods by which 
■ monophase motor may be started divide themselves into 

1 EUetriaa World, xriil. 8S4-S67, 400 (MM). 
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two classes — (1) those in which a rotatory field is produced 
by an auxiliary wiuding on the stator carrying a current dif- 
fering in phase from the current in the main 'winding ; (2) 
those in which the conductors of the rotor are connected (aa 
by brushes on a commutator) so that the currents in tfaem 
produce a polarity inclined to the polarity of the stator. 

The difference of phase in the currents in the two windings 
of the stator may be caused by the windings haTing them- 
selves unequal coefficients of self-induction, or t^ putting re- 




FiQ. 168.— Eolbsm's STAKTiNo-aoAK Foa HoNOPRABE Motor. 

sistance or capacity iu series with one, or inductance in series 
with the other ; or any combination of these may be employed, 
as described on p. 156. 

Fig. 163 is a drawing of switch arrangements made by the 
Oerlikon Machine Company for the purpose of starting a 
motor. It is shown with tlie " chopper " of the switch in the 
full-speed position. When in the starting position the blades 
of the chopper connect together the pieces d, e and/ and also 
ff with h. The points L, and L, receive the full pressure of 
the transformer, while Lj is connected to the middle point of 
the trausformer, so that between L, and L, there is a lower 
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voltage tban between L, and L*, but more current can be 
dntwn without making a great demand on the mains. Con- 
aidering now the chopper in the starting position, the current 
after going from Li to d, has two paths — one through e to the 
main coils, the other through/to the resistance coil and 
Btarting coils, returning by the pieces g and A to L9. After 
the motor has got up speed the chopper is thrown over, join- 
ing ato d and ciob. It will then be seen that the two wind- 
ings are in series, and take the full voltage of supply. 



Fio, 164.^BaowN'a STABrmo-aKAS. 

In Fig. 164 is shown diagrammatically Mr. Brown's method 
of starting a motor by means of an electrolytio condenser, 
(see p. 157) marked K in the figure. The fine dotted line 
shows the connections of the chopper switch at starting, and 
the thicker line shows the same at full load. When the 
motor is not in use the chopper stands vertically. The coil a 
represents the ordinary working winding, and h the auxiliary 
winding, which in this case is cut out altogether after the 
motor is started. An auto-transformer (see p. 185^ is shown 
in the figure. 

In the specification of patent Xo. 24,098, filed December 
1892, Mr. Brown describes a number of methods of starting 
monophase motors, including the methods using auxiliary 
windings with self-induction and capacity, and also including 
some methods which fall under the second class described 
above. In these the rotor is wound as a Gramme or Siemens 
armature, with connections to a commutator, just as in the 
case of a continuous-current machine. Two opposite points 



ibyGoogle 



Xtoz Polyphase Electric Currents. 

•of the winding are also connected to two slip-ringa. When it 
is required to start tbe motor a resistance is put between the 
-Innshea ou these alip-ringa, and tlie brushes on the comma- 
tetor are placed ao as to short-circuit a few of the windings 
■of the rotor which lie obliquely across the direction of the 
alternating flux produced by the stator. The large current 
in the short-circuited coils makes them turn so as to become 
parallel to the alternating flux, and the brushes retaining 
their poeitiou, a continuous torque is produced. As the motor 
.gets up speed the brushes may be drawn further apart, until 
•diametrically opposite. The brushes on the slip-iings are 
"then also short-circuited. Mr. Brown also describes some 
4nethod9 in which the alternating current from the mains is 
■supplied to the rotor throagh the commutator for the pur> 
poses of starting. 

Conatancy of Speed. — A^ to the question of constant speed, 
^fi have seen that in a well designed motor the slip does not 
■exceed more than 5 per cent, at full load, so the speed can 
'Only vary 3 or 4 per cent, between light load and full load. 
In a case cited by Dr. Louis Bell, an institlhition of 17 rota- 
*tory-field motors in Columbia, S. C, showed a maximum varia- 
tion in speed from an output of 75 horse-power to friction 
load of the motors of only 2*2 per cent., individual .motora 
-showing slighter variations down to U per cent. It is, how- 
ever, possible to vary tlie speed of a polyphase motor at will 
fcy inserting a rheostat in tlie main circuit. 

Ej^ciency. — The high efficiency of polyphase and mono- 
phase asynchronous motors will be seen from the following 
collection of data. 

Mr. Kolben has supplied the table opposite relating to 
■some three-phase induction motors built by the Oerlikon 
'Company. They have no collector-rings or brushes, no re- 
-flistance being used in the rotor circuit. All motors have a 
drum-winding with S, 5, 7 or 11 phases short-circuited in 
themseWes. 

Mr. Kapp,-in his boot " Electric Transmission of Energy," 
ogives some data of two three-phase motors tested on a brake 
fcy Mr. Eolben, which are reproduced in the table ou p. 204. 



ibyGooglc 



Mechanical Performance of Polyphase Motors- 203 



I I 3 S 



S 3 $ S S S 



§ S 8 9 P 8 



S 3 S S S 



I I S 



I!! 



S 3 S 



■* i 



13 5 

a ? " 

I I i 

1 I ! 



1 I 



ii 



III 



1 1 il 



It 

si 8. || 



tiJ, ' 



_,ogle 



Polyphase Electric Currents. 





II- 


Motor n. 

each division short-circuit«d 
in itself. Oerlikon make. 


t 


il 


S S! S : 


I \ ■■ 


1 


m 


« ' : : 


,. . o 


i 


liiti 


i S g : 

(boo 


3 s S 

o « 6 


t 


m 


1 1 ^- ^ 


1 1 g 

S E -■ 


^ 


Ml 


E s I; a" 


III 


i. 


m 


s s s s 


s s s 


g 


III! 


S i i S 


£ S $ 


A 


iiiiKiH 


111 = 


11 = 


*i 


mil'! 


£ s a * 


s s « 



,,Google 



Mechanical Performance of Polyphase Motors. 305 

The following are particulars of three-phase motorit of 
various sizes built by the AUgemeine Elektricit«ts-Gef>ell- 
Bchaft : — 



Types. 


D. R. 1. 


D.K.B. 


D. R. 10 


-- 


».».,«. 


Normal horse- power 

Number or poles 

Current In each circuit at start- 
ing 

Current In each circuit nt lull 


i 

18 
1-1 
0-33 

asoo 
aseo 
sooo 

23V. 


i 

66 

1 

1400 
1490 

1000 


1 
4 
M 
30 
8 
4-6 
0-988 
18T6 
1490 
1500 

» 

O'sa 


a 
4 

316 

w 

86 
15 
4-88 
1895 
1490 
ISOO 

Ik 

3-6 


BO 
8 

isni 

400 
380 
WO 
40i 
735 
745 
7B0 

0-9I' " 
49-4 


Current In each circuit at no 


Bevolutlous per minute at full | 
load f 


Ditto at no lokd 


BUp-page at foil load 

Commercial effloiency 

Toniuelnrakj 



The following interesting comparisou between an 80 liorao- 
power synchronous alteraate-current motor installed in a 
com mill, and a 100 horse-power asynchronous motor driving 
a spinning mill, was made by Mr. Kolben. The results are 
shown graphically in Figs. 165 and 166. 

The synchronous motor is of the Kapp type, with a flat 
disk armature, constructed by the Maachinen-Fabrik Oerlikon. 
It is wound for 2000 volts, with its shaft direct-coupled to its 
exciter. The E.M.P. curve is almost a sine curve. The 
asynchronous motorshown in Fig. 167 is an IS-pole high-pres- 
sure three-phase motor built by the same firm, for 1730 volts 
pressure at 50 periods per second, and arranged for rope 
driving at the low speed of 820 revolutions a minute. 

It will be seen from the curves that the power-factor of 
the synchronous motor is more favoi-able for all loads than 
that of the asynchronous motor, although the difference at 
full load is small, being 0-94 as compared with 0-86. The 
difference, for instance, with a loss on the line of 6 percent., 
would scarcely bring about \ per cent, additional drop in 
the conductor. On the other hand the efficiency of the 
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as}-ncIiroiious motor is liigher at all loads ; its ciu-ve is similar 
to those of a good transformer : it amounts at full load to 91 per 



cent., as compared with S6 per cent, of the synohronons 
motor. Tlie total exciting energy, including losses in the 
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exciter, is compriaed in this, and, especially at small loads, 
reduces the efficieDcy. 

The efhciencj of a monophase asynchronous B-pole 15 
horse-power Brown motor, was tested by Ricardo Arno.^ 
The motor was built for a frequency of 40 cycles per second, 
but during the test the frequency was a little higher than 
this, the speed varying between 876 at no load, and 850 at 
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Ro. 166. 

full load. The power factor (cos ^) and the watts, real and 
apparent, supplied to the motor are also shown. 

M. Botcherot has given * testa of two Brown two-phase 
motors built by the Weyher and Ricbemond Company at 
Pantin. One of these, of 2-3 horse-power, weighing 120 kilos., 
it 1125 revolutions per minute its efficiency was 76 per cent. 
A larger motor, of 17-20 horse-power, weighing 520 kilos., 
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had ail efficiency o£ 90 per cent, at 770 revolutions per 
minute. 

A 50 horse-power Tesla ^phase motor, built ^ and tested 
at the works of the Westinghouse Company, i-an at 750 revo- 
lutions per minute, on 220 volts mains with frequency of 25 
periods. The speed falls only 2 per cent, from no load to full 
load. The efScienoy is 84 at quarter load, and 89*5 at full 
load. The matimum starting torque is 2'5 times the torque 
at full load ; or, with a resistance in the secondary, 1*5 times. 
As the light-load efficiency is so high, this would be a most 
economical motor for all-day work on a variable demand for 
power. When running unloaded there is a nearly watt-less 
current of 62 amperes. 

Dr. Louis Bell, in bis paper mentioned above, gives the 
following data as to weights per horse-power of rotatory field 
motors. 

Welsbtin 
Horafr-power. lbs. per 

borafr-power. 



20 ISe-pole 

100 88 8-pole 

The following figures give the relation between weight and 

hoise-power of standard motors of European make : — 

WAtghtln 
Hor>»-power. lbs. per 



These weights compare extremely well with those of con- 
tinuous-current motors; an ordinary 100 horse-power con- 
tinuous-current motor seldom weighing less than 80 lbs. per 
boiBc-power. 

Mr. Kapp has pointed out that as between a 2-phaee motor 
and a 3-phase motor, the plant-efficiency of the latter is the 
better, its output being 111 as against 100 for a ^phase 
motor of the same weight. 

I KecMcify, (U.S.A.), May 15, 1806. 
14 
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CHAPTER XIV. 

BOME EXAMPLES OF MODERN POLYPHASE MOTOK8. 

By tiie kindness of two of tlie fivms whicli liuve been fore< 
most in tlie development of the poIypliiLse motois, the autlior 
u etialjled to describe seveml i-ecenL examples of this class of 
macliine. 

Mofori of the Oerlikim Machine Company (^Zurich'). — Fi-om 
the autumn of 1891 tlie Oeilikoa Mncliine Comp:iiiy has cott- 
tinuud to develop the rotatory Jield motor, and lias made 
many hundreds of different sizes. In all small sizes, whether 
3-phase, 2-pliiise or nionopliase, the rotor is of the simple 
jquirrel-cage construction, while for the lai^er sizes wound 
rotors are used so as to enable resistances to be inserted at 
starting. So far back as July 1892, the engineers of this 
film bad succeeded by detailed improvements of eonstruetion 
in praducing a 3 horse-power, -l-pole, S-phase motor, with an 
eiBciency of 71 per cent. The firm has adopted a standard 
frequency of 50 [leriods per second in its machines. Tlie 
larger motors are generally arranged to stai-t light on a 
loose pulley to avoid any great rush of current, since a high 
-efficiency at full load, with small percentage of slip, involves 
a small starting torque ; but for cranes, elevators and the like, 
-special motors are made (also without slip-rings or brushes) 
with a slip (at full load) of as much as 12 per cent. Their 
^wer-factor is consequently low, but they start with an initial 
torque equal to two or three times their torque at normal 
load. Some data of a crane motor were given on p. 198. 

A reference to this firm's monophase motors, and the start- 
ing-gear used for them were also given above. 

The Oerlikon Company's own works ai-e driven by electric 
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power transmitted gome 14j- milea from a waterfall at Hoch- 
felden, near Bulacb. The 8-pliase machines by which this is 
accomplished were the lirst of their kind. There are three 
3-phase generators, each of 200 liorse-power. They are 
depicted in Fig. 44, p. 38. Tliey were designed by Mr, C. 
E. L. Brown, in the autumn of 1890, at the same time as the 
machine used in the famous Frankfort experiment of 1891. 
There is a similar transmission of 300 horse-power in Ziirich 
from a waterfall at Killw!ii>gen, 12^ miles distant. The 
power is distributed by overhead lines to numerous small 
motors. At St. Etienne, in France, there is a similar trans- 
mission of 1000 horse-power, and at Wangen, in Wiirtem- 
berg, of about 350 horse-power. 

Motors of MM. Brown, Boveri *fc Co. — Some mention was 
made on p. 118 of the earlier work of Mr. C. E. L. Brown. 
His firm has, since 1892, turned out a lai^e amount of poly- 
phase plant, including generators and motors. By the courtesy 
of tlie firm several motore of modern design are here described 
in conwidei-able detail. 

In Plate I. is shown, one-sixth full size, the elevation of a 
2-pliase motor capable of yielding 6 horse-power. A sec- 
tional elevation is also shown in the plate, and the rotor and 
stator stampings are shown in Fig. 105. The winding of the 
stator is carried out in the manner described on p. 85, with 
the ends of the coils alternately bent sideways and arched 
over. In this particular motor, which is intended for a 
pressui* of 100 volts and a frequency of 40 periods per 
second, there are 9 wires of 3-8 mm. diameter passed through 
each of the 40 slots in the stator. There are 37 round copper 
rods on the rotor, each 9 mm. in diameter, all short-circuited 
together at each end by a bi-oad copper hoop, which, besides 
serving as a good conductor, presents a large cooling sui-face 
to the air. The air gap between rotor and stator is only 
0-5 mm. in breadth. The maximum value of B in the iron 
between the slots is 11,500, and in the iron behind tite slots 
7500. The same carcase can be wound as a single-phase 
motor, and will then yield 4 horse-power. It will be seen 
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bota the drawings that the bearings are of the aelf-oiling type. 
Hie following are some of the principal dimensions : 

CenUmetna. 

Diuneter of rotor 24-d 

Inside diameter of tUtOT 25 

Jtadlal depth of st»tor 1 

Breadth of atAtor face IIB 

Badlal depth of slots .. .. 2-5 

Width of slots 1 

Average width of Iron between slots . . , . 1 

I>laniet«r of holes la rotor 1 

Diameter of rods in rotor O'O 

Area of rods of rotor, in sq. cm 0'04 

Area of conductor in stalor. in sq. cm. . . 0-13 
Number ot conductors per hole 9 

Plate II. and Fig. 169 relate to a form of motor which has 
been constructed with different windings for different pur- 
poses. In the plate the windings are those of a 8-phase motor 



Fia. Ifl9.— Brown's Two-phase Motob of 120 Hobsb-poweb. 

taking current directly from high-pressure mains at 5000 volts, 
with a frequency of 40 periods per second and a speed of 600 
revolutions per minute. Its output is then 100 horse-power. 
Its height is 120 cm. or about 4 feet, and its length from 
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outside of bearings U a little less. The diameter of the 
rotor is 75 cms-, and its length, parallel to the shaft, is under 
45 cms. The rotor has 96 holes through which insulated 
copper conductors are tbraadeii, to be joined up iu a wave- 
winding constituting a three-branched star, of which the 
three outer ends ire led down through the central hole bored 



FlQ. 170,— Browm's Slow-bpeed Two-phase Motor op 100 Horsb-foweb, 

in the shaft to three slip-rings, so as to allow of an external 
starting resistance being applied. There are 48 holes in the 
stator core-rings, and through these the coils are wound, be- 
ing protected by strong tubes of prepared paper. The mode 
of arrangement of tliese coils to produce a 4-pole field is 
shown in Fig. 40. This motor starts under full load, taking 
leas than full load current. 
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The same framework, wouiid aa a 2-p)ia8e machine at 2000 
volts, is shown in Fig. 169. It haa an output of 120 horse- 
power. The starting resistance in this case is placed inside 
the rotor, with a simple mechanism projecting out through 
tile end of the shaft to sbortrcircuit it whea the motor has 



Fto. 111.— Stator or BBOWifs Suiw-8peed Two-phase Motor. 

started. This device is seen on the right-hand end of the 
shaft in Fig. 1G9. 

In Figs. 170 and 171, is shown another 100 horse-power 
2-phaBe motor of different design, built by the same firm for 
nmning at a slower speed. This motor, supplied at a press- 
are of 2000 volts (and frequency of 36 periods per second). 
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runs at a speed of 200 revolutions per minute. Tested on 
a brake, it gave up to 200 Lorse-power before stopping. 
The stator coils, and the way in wbicb the end connections 
are arranged, can be seen from Fig. 171. Tlie plan of wind- 
ing is the same as that shown in Fig. 124, there being 28 turns 
in e;u;h coil. Tliei-e are 40 coils (20 iu each phaae-circnit) 
threaded tlii-ough 80 holes. In the rotor there are 180 con- 
ductors connected ill three circuits, the ends of which are 
brought to slip-rings for the purpose of introducing resistance 
at starting. Motors of tlie same type are made for ordinary 
monophase supply, and at a pressure of 2700 volts will yield 
120 home-power at 300 revolutions per minute. 

Brown's motors are now extensively used for distribution 
of power in factories, the 8-pliase current being particularly 
applicable to isolated plant of this description. Tlie large in- 
stallation at Sclionenwert, near Aaraa, has been referred to 
on p. 87. 

Anotlier example is famished by the 2-phB8e distribution 
in the extensive engine-works of Weyher and Ricbemond 
at Fantin, near Paris. In these works there were formerly 
three separate steam-engines of 120, 80 and 50 horse-power 
respectively. Tliese have now been replaced by a single 
horizontal engine of 200 horse-power (capable of working up 
to 400 horse-power), at 60 revolutions per minute. This 
engine drives three 2-phase ge.ieratore, each of 88 kilowntt 
capacity, having revolving drum-wound ai-matures and sta- 
tionary 8-pole iield-magnets. Tlie frequency is 40 periods 
per second. Usually only two of these generators are run, the 
third being a reserve machine. Down to tlie present time the 
nnmber of motors installed in the differentshops is 17,having 
a total output of 119 kilowatts, or about 150 hoise-power. 
The outputs of these are as follows : — 1 of 33 kilowatts, used 
for coal hoisting, 2 of 22 kilowatts, 1 of 14-6, 1 of 9-6, 1 o( 
€-8, the rest of 2 kilowatts or under. Two still larger motors 
are now in course of construction. According to M. Boucherot, 
who has given * a full account of the plant, with views of the 
shops and machinery, the efiBciencyof the lai^er motors is 94 
iBuII«(fniIe la SocUlf Intfmattimale dea tlectricieng, xL 482, Dee. 18M. 
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per cent., that of the araaUest (1-1 kilowatt) 74 per cent.; the 
average efSciencj of the motors taken all together being over 
89 per cent. M. Boucherot considera these machines to con- 
trast most favorably with continuous-current machines of 
equal power. The 2-pha8e motors, for equal efBciency, coat 
DO more (including starting gear) than continuous-current 
motors, and run at a slower speed. The generators, for an 
equal efficiency, cost some 15 per cent, less than continuous- 
current dynamos of equal output. 

In Berlin the Allgemeiiie Elektricitats-Gessellschaft has 
developed the 3-phase motor for many purposes, notably for 
driving machine tools, centrifugal machinery and elevators. 
They have made a speciality of centrifugals in sizes varying 
from 1 to 7 horse-power. The largest are used in bread 
factories, whilst the smaller are employed in sugar refineries. 
For example, the sugar refinery of the firm of P. Schwenger's 
Sohne, at Uerdingen on the Rhine, is fitted up throughout 
with electric motors to tlie number of 91, employing a total 
of about 490 horse-power. At the Breitenburger Cement 
Works at Lilgerdorf are two 8-phase generators, each of 110 
horse-power, for transmitting power to elevators, pumps, 
stampers, and the like. The machine works of Colomna, in 
Russia, has a 3-phase plant of 600 horse-power for driving 
the machine-tools and cranes in its shops. Of the three- 
phase machines made by the AUgemeine Co. for the new 
central station at Strassburg some mention is made in the 
next chapter. 

The machinery in the workshops of the Westinghouse Co. 
at Pittsburg, U.S.A.,* is driven by Tesla 2-phase motoi-s ; the 
installation, consisting of 39 motors varying between 10 and 
80 horse-power, having an aggregate of nearly 800 horse- 
power, Sixteen lai^r motora will shortly be added, increas- 
ing the capacity to double. The generators are of a new type, 
superior to that shown in Pig. 39, both circuits being connected 
to one winding after the manner shown in Fig. 96. The 
lighting of the shops is from the 2-pha8e circuits. 

I mifiriclty (U. S. A.) toI. vlil. IRS), la's (189S). See also the uraa 
Jonnwl, May 15. 181*5, for efficency test o( one the Teala motors. 
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CHAPTER XV. 

DISTBIBUTIOS OP POLYPHASE CURRENTS PROM CBNTKAl 
STATIONS. 

Fob the mere purpose of electric lighting, there 13 no great 
advantage in the use of polyphase currents as distinguished 
from ordinary single-phase alternate currents. But where 
other purposes are contemplated in an electric supply, par- 
ticularly the distribution of electric power, then the advan- 
tages of polyphase systems begin to appear. 

For many months the only example of a general distribu- 
tion of polyphase currents from a centi'al station was that 
of the town of Hcilbronn, which derives its 3-phase supply 
from the generatiag station at Lauffen, on the river Neckar, 
about 9 miles distant. The engineer who laid out the system 
is Mr. Oskar von Miller, of Munich, by whose courtesy the 
following information is supplied. 

The generators at Lauffen, the same that were used in the 
famous Frankfort transmission (Fig. SO), give each about 
4000 amperes at 5u volts. By a step-up transformer this 
supply is transformed into a current of 40 amperes at 5000 
volts, at which high pressure the currents are transmitted 
through three copper wires 6 millimetres in diameter, carried 
overhead on oil-insulators supported on timlw poles. At 
Heilbronn these three currents are received by a step-down 
transformer, and transformed to about 133 amperes at the 
intermediate pressure of 1500 volts, at which pressure the 
currents are distributed to the various quarters of the town. 
As a matter of fact there are three turbines (one for ".-eserve), 
two generators, two step-up transformers, and two step-down 
transformers. The final transfoi-mation at Heilbronn, from . 
1500 volts to 100 volts, is accomplished by small transformers 
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of 5 kilowatts and 10 kilowatts capacity, which are placed in 
overground transformer-pillars atabout twenty-tive convenient 
points, and feed the low-voltage network that distributes the 
current to the lamps and motors of the consumers. Triple* 
concentric armored cables distribute current over about 
6 miles of streets. Arc lamps and glow lamps ai'e used upon 
all three circuits, as well as motors. Down to the end of 1894 
there were thb equivalent of 11,000 8 candle-power lamps 
apon the circuits, and 25 motors having a total output of 
about 68 horse-power. The small motors up to about 3 horse- 
power are arranged to be switobed direct on to the circuits 
without any special starting gear. They are of the usual 
S-phase type with squirrel-c^e rotors. The larger motors 
up to 8 horse-power are provided with starting-gear, including 
liquid resistaoces, so that the full current is not taken until 
gome 15 or 20 seconds have elapsed, after which time they 
have got np their speed and are then switched over direct on 
to the mains. About balt'Way between Lauffen and Heil- 
bronu, at the hamlet of Sontheim, a few glow lamps in the 
sti-eets are supplied by a transformer working direct from 
6000 volts down to 100 volts. No trouble is found to arise in 
the maintenance of proper regulation of the voltt^ in the 
three circuits. The motors tend to equaline the pressures and 
currents between the three circuits, though the numbers of 
lamps may be unequal. 

Amongst other polyphase stations at work are those of 
Dresden Rulway Station, Chemnitz, Buda-Pesth, Strassbui^, 
and Bockenheim. 

At Chemnitz, a municipal central station was equipped 
by Messrs. Siemens and Halske, in 1894, with a S-phase 
system. The generators, of the " R " type, have an output of 
62 amperes at 2000 volts. They have an outer fixed arma- 
ture built up of core-rings, and an interior revolving stai^ 
shaped field-magnet with 40 poles of alternate kinds. At 
150 revolutions per minute the frequency of the alternations 
is 60 periods per second. The inner peripheiy of the arm^ 
ture ring is slotted with 120 slots, or 3 slots per pole, to receive 
the windings. The slots are narrowed at their mouth to 
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receive wooden keys to Lold in the windings. The windings 
are arranged as in Fig,41, with their bent exterior portions in 
two planes, and all the coils of each phase are joined in series. 
One end of eaoh of the three series is carried to a common 
junction, and the other three ends are brought out to three 
separate terminals on the machine. The winding is thei-efore 
astar winding (Fig. 68). One auxiliary coil on each generator 
furnishes a current to the synchronizing apparatus at 25 volts. 
There are three generators, each direct-driven by a triple- 
expansion condensing engine. If the excitation of tlie field- 
magnets is kept constant, the drop of voltage at full load on 
a non-inductive resistance is about 7 per cent. ; but when 
motors are being run on the circuit a mnch greater drop, is 
liable to occur, requiring to compensate it an increase of 20 
to 80 per cent, in the exciting current. From the generators 
the currents ore led through fuses and switches and measuring 
instruments to three omnibus bars on the switchboard, from 
which the high-pressure feeders go to the distributing mains. 
Triple-concentrio cables, lead-covered and armored, conduct 
the currents at 2000 volts to transforraeis dotted about the 
town at twenty-four different points, where they are trans- 
formed to 120 volts for the low-presaure networks. There 
are about 6 miles of high-pressure cable, 12 n .les of triple- 
concentric low-pressure cable, and about 4 miles of bare con- 
ductors. Tlie furthest point is about 2 miles from the 
generating station, which is itself about 1 mile from the 
centre of the town. By the end of 1694 there were in use 
the equivalent of about 11,000 8 candle-power lamps, 160 arc 
lamps, and 80 motors of an average size of 2 horse-power. 
The motors have as stator a ring wonnd with coils in slots, 
similarly with the generators. The rotor is built up of iron 
core rings slotted on the external periphery, wound with 
coils, which are also joined up in a star grouping, and end at 
three slip-rings. These permit resistances to he inserted at 
starting and gradually cut out as the motor acquires speed. 
At full speed the rotor is shoriH;ircuit«d. A full description, 
with drawings, is given in the EtektroteehnUehe Zeittchr(/i, 
February, 1896. 
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For the city of Strassburg, of which Mr. Oskar von Millfli 
is engineer, a 3-phase Bjstem has been adopted. The genera 
tors, of the " inductor " type, were built by the Allgemeine 
Elektricitats-Gese Use haft of Berlin, and are of 400 horse- 
power each. These machines Hre described by Mr. voa 
DoUvo-Dobpowolsky in the EUktrottchniiclM ZeiUckrift of 
February 7, 1896. 

At Bockenheim, an important suburb of Frankfort, is a 
S-phase station equipped by Messrs. W. Lahmeyer & Co. 
There are two direct-driven 3-phase alternatoi's of about 150 
kilowatts each, of the same type as those used at Lautfen 
(p. 28), having fixed armatures and revolving field-magnets, 
but with only eight poles. They work at 80 volts, and 
their currents are at once led into S-pliase transformers re- 
sembling Fig. 153, to be transformed to 660 volts, at which 
high pressure they are conveyed by cables to the various dis- 
tributing points. For motor-driving the 3-phase motors are 
connected direct to the high-pressure mains. For lighting, 
transformers are interposed which reduce the pressure, and 
feed into a distributing network. Triple-concentric cables 
bring the currents into the houses. Asynchronous motors up 
to 20 horse-power are iu use. They stall: under load, or even 
with an over-load. Those over 8 horse-power are, however, 
provided with loose pulleys so as to start on a light load. 
WatfiT^resistances are used in the starting gear. Aron's poly- 
phase meters are used. There is an independent continuous 
current supply in use for lighting only. Altogether the total 
consumption of power for motor purposes exceeds 200 horae- 
power. 

The regulation of voltage in the thrae circuits is not found 
to present any diflBculty. If a star-grouping (like Fig. 67) is 
adopted in a S-phase distribution, the fourth wire, which is 
brought back to the common junction of tlie three circuits of 
the generator, serves to equalize the pressures in case the 
numbers of lamps in tlie three branches are unequal. But in 
discussing the Chemnitz distribution it has been shown by 
Mr. Gorges that this is not necessary. A 3-pha8e equalizer 
can be added at some convenient point in the network, in 
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the form of a d-pliase transformer, each limb of which is 
TTOund, however, with but a single coil. It is, in fact, a three- 
phase choking-coil or auto-transfoiTaer. These three coils 
are united in star-faahion, and the fourth wire of the circuits 
is brought to their common junction. Mr. Goi'ges states in 
one experiment 100 lamps were introduced in one of the 
three circuits, 20 in tlie second, and 1 lamp in the third, 
causing a very great inequality in the tliree voltages, until 
the fourth wire was joined to tlie mid-point of the equalizer, 
when at once the voltages became all alike. Three-phase 
motel's inaeited in the circuit have similarly an equalizing 
effect on the three voltages. Some years ago Mr. von Dolivo- 
Dobrowolsky noted the fact that 3-phase transformeis also 
have a similar equalizing effect. 

At Buda-Pesth Messrs. Scliuckert have a 3-phase station 
outside the city, as mentioned on p. 185. 

A 2-pha8e station has now been at work at Pittsfield 
(Massachusetts) for about two years, on the system of Messrs. 
Stanley, Kelley and Chesney. Another is in progress of 
development at Montreal. 

A list of S-phase power stations which have been equipped 
by the Oerlikon Co. is given in the Table on p. 222. 

In the above enumeration no mention has been made of a 
very large number of isolated planta,infactoriesand the like, 
where polyphase methods seem likely to supetaede all other 
modes of transmitting and distributing power. In addition 
to those mentioned on p. 211 as having been carried out by 
the Oerlikon Co., and those of Brown, Boveii & Co. on p. 215, 
it may be noted that in Hellsjon, Sweden, there is a 400 
hoi-se-power transmission ^ of S-phase currents over 8 miles, 
1^ machinery designed by the iate Mr. Wenstrom. 

The ^^ Monocyclic" Syttem. — Mr. C. P. Steinmetz has pro- 
posed^ a system of distributing electricity for lighting and 
power which, although its essence is that more than one cycle 
or phase is used, is called the " monocyclic " system. By this 

' See O. Espp's ' Electric Transmlulon of Energy,' p. 418, 4th edition, 
18H. 

■ See EleclTieal World, zxt. p. 182, Feb. 189S; atBO E. Boiatel, "DIatil. 
butlon Honocycllqne," L'^clairase ^itetrique, ilL p. 152, A^l, 1800. 
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system it is sought to obtain the advaiitHges of a polyphase 
system for motor purposes, combined with the ease of regula- 
tion of a single-phase system. Under normal conditions the 
whole of the power is supplied by two mains, between which 
is maintained a constant alternating pressure. To. those parts 
of the district where motive power is i-equired, a third wire is 
carried, from which a current can be drawn, differing in phase 
from the maiu current, and by which motors can be started. 
The windings of tlie motor are aiTaiiged so that wlien full 
speed is attiiined the back B.M.F. is as great as the pressure 
from the tliii-d wii-e,so that no more current is drawn from it, 
the powerbelngsupplied by the principal mains. One of the 
ways of maintaining the difference ofpha.se in the thii'd wire 
is to wind on the alternator coils displaced in relation to the 
main coils, so as to generate an E.M.F. differing by 90° from 
principal E.M.F. One of the teiminaU of these displaced 
coils is jnitied to a middle point of the principal winding of 
the altei iiator, and the other to the third wire in qucKtion. 
The number of turns of llie displaced coils is so arranged that 
the E.M.F. resulting from them and the half of the principal 
coils in series with them shall have the required difference in 
phase. Where a number of motors are installed, the back 
E.M.F. of iiny motor that happens to be running will I>e suf- 
ficient to start another motor, so that in cases where some of 
the motors are always running it will not be necessary to carry 
the third wire to the alternator. 

The monocyclic system is therefore reitlly a three-phase 
distribution in which two of the phases are nearly in opposi- 
tion, while the third phase, nearly at right angles to the other 
two, is used as an auxiliary for starting motors. It cannot be 
maintained that this system, because it is not symraetriial, is 
not a polyphase system. 

The author ha.s devised several other ways of attaining a 
similar end. One method is to use two alternate cun-ents 
at any phase-difference whatever between 90° and 120", on an 
ordinary three-wire sj'stem of dii^tribution, keeping constant 
the difference of potential between each and the middle wire. 
For motor-starting a third circuit is obtained fioni the twn 
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outer wires, which will yield a current out of phase with the 
other two. The exact phaiie and exact potential of this third 
current Is immaterial : the motors used may be either S-phase, 
or 2-pbase with a common return. 

Another unayrametriosl system has been proposed by 
Mr. ImhofF. 

Where ordinary single-phase currents are supplied on a 
three-wire system, as in the City of London, it is exceedingly 
easy to introduce a phase-difference into the middle wire, 
enabling motors to be started and run. In fact, if a single 
8-phase motor is started on any such circuit, it will help other 
motors on the same circuit to start, as It will itself tend to 
preserve the requisite differences of phase. 

An American example of 8-phase lighting, at Concord 
(N. H.) is described in the "• Western Electrician ' of Feb. 16, 
1895, and another at Winooski (Vt.) in the 'Electrical 
Engineer,' June, 1895. 

At Baltimore there is now a Sybase station furnished 
with four Westinghouse alternators, each of about 1000 kilo- 
watts output. They are directniriven, and will be largely 
used for are lighting as well as for glow-lamps. Tesla two- 
phase motors will be used. 

The largest plant in the world for the supply of electric 
currents is a polyphase plant — ^namely, that established at 
Niagara (see p. 89) — using a 2-phaae system of currents. It 
will begin operations at an early date. 

Recent as have been these inventions and rapid as their 
development lia'* proved, it is already evident that their indus- 
trial aspect is settling down upon well-defined lines. Tet 
finality is far from having been attained. The problems of 
the conversion of electric currents from the altematingto the 
continuous varieties are still in progress of solution. What 
results the newest methods of transformation may bring about 
none can foresee. The next few years may witness develop- 
ments at present quite beyond the contemplation of the electrio 
engineer. 
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CHAPTER XVI. 

ELECTRICAL COMMUNICATION WITH THB PLAKKT8. 
By NIKOLA TESLA. 

The idea of commuaioatiDg witb the iahabitaats of other 
worlds is an old one. But for agea it has been regarded 
merely as a poet's dream, forever unrealizable. And yet, 
with the inventioa and perfection of the telescope and the 
erer-widening knowledge of the heavens, its hold upon our 
imaginations has been increased, and the scientific achieve- 
ments during the latter part of the nineteenth century, to- 
gether with the development of the tendency toward the 
nature ideal of Goethe, have intensified it to such a degree 
that it seems as if it were destined to become the dominating 
idea of the century that has just begun. The desire to know 
something of our neighbors in the immense depths of space 
does not spring from idle curiosity nor from thirst for knowl- 
edge, but from a deeper cause, and it is a feeling firmly rooted 
in the heart of every human being capable of thinking at all. 

Whence, then, does it come? Who knows? Who can 
assign limits to the subtlety of nature's influences? Per- 
haps, if we could clearly perceive all the intricate mechan- 
ism of the glorious spectacle that is continually unfolding 
before us, and could, also, trace this desire to its distant 
origin, we might find it in the sorrowful vibrations of the 
earth which began when it parted from its celestial parent. 

But in this age of reason it is not astonishing to find per- 
sons who scoff at the very thought of effecting communica- 
tion with a planet. First of all, the argument is made that 
there is only a small probability of other planets being in- 
habited at all. This argument has never appealed to me. 
In the solar system, there seem to be only two planets- 
Venus and Mars— capable of sustaining life such as ours; 
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but tliis does not mean that there might Dot be on all of 
tbem some other forms oC life. Chemical procesaea maj be 
maintained without the aid of oxygen, and it is still a ques- 
tion whether chemical processes are absolutely necessary for 
the sustenance of organized beings. Uy idea is that the 
.development of life must lead to forms of existence that 
will be possible without nourishment and which will not 
be shackled by consequent limitations. Why should a lir- 
mg bemg not be able to obtain all the energy it needs for 
the performance of its life-f unctions from the environment, 
instead of through consumption of food, and transforming, 
by a complicated process, the energy of chemical combina> 
tions into life-sustaining energy ? 

If there were such beings on one of the planets we should 
know next to nothing about them. Nor is it necessary to go 
80 far in onr assumptions, for we can readily conceive that, 
in the same degree as the atmosphere diminishes in density, 
moisture disappears and the planet freezes up, oi^anic life 
might also undergo correspouding modifications, leading 
finally to forms which, according to our present ideas of 
life, are impossible. I will readily admit, of course, that 
if there should be a sudden catastrophe of any kind all life 
processes miglit be arrested; but if the changes, no matter 
bow great, should be gradual, and occupied ages, so that 
the ultimnte results could be intelligently foreseen, L can- 
not but think that reasoning beings would still find means 
of existence. They would adapt themselves to their con- 
stantly changing environment. So L think it quite possible 
that in a frozen planet, such as our moon is supposed to oe, 
intelligent beings may still dwell, in its interior, if not on 
its surface. 

Tlien it is contended that it is beyond human power and 
ingenuity to convey signals to the almost inconceivable dis- 
tances of fifty million or one hundred million miles. This 
might have been a valid argument formerly. It is not so 
now. Most of those wlio are enthusiastic upon the subject 
of interplanetary communication have reposed their faith in 
the light-ruy as the best possible medium of such communi- 
cation. True, waves o[ light, owing to their immense rapid- 
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ity of succeasion, caa penetrate space more readily than waves 
less rapid, but a simple consideration will show that by their 
means an exchange of signals between this earth and its com- 
panions iti the solar system is, at least now, impossible. By 
way of illustration, let us suppose that a square mile of the 
earth's surface— the smallest area that might possibly be 



within reach of the best telescopic vision of other worlds — 
were covered with incandescent lamps, packed closely to- 
gether so as to form, when illuminated, a continuous sheet 
of light. It would require not less than one hundred millioD 
horse-power to light this area of lamps, and this is many 
times the amount of motive power now in the service of 
man throughout the world. 
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But with the novel means, proposed by myself, I can 
readily demonstrate that, with aa expenditure not exceed- 
ing two tbona&nd horse-power, signals can be transmitted 
to a planet suoh as Mars with as much ezaotness and certi- 
tude as we sow send messages by wire from New York to 
Philadelphia. Thede means are the iMOh of long-oontinaed 
experiment and gradual improvemenL 

Some ten years 1^0, I recognized the fact that to convey 
electric currents to a distance it was not at sU necessary to 
employ a return wire, but that any amount of energy might 
be transmitted by using a single wire. I illnatrated this 
principle by numerous experiments, which, at that time, 
excited considerable attention among scientific men. 

This being practically demonstrated, my next step was to 
use the earth itself as the medium for conducting the cur- 
rents, thus dispensing with wires and all other artificial con- 
ductors. So I was led to the development of a system of 
energy transmission and of telegraphy without the use of 
wires, which I described in 1898. The difficulties I enoonn- 
tered at first in the transmission of currents through the 
earth were very great At that time 1 had at hand only 
ordinary apparatus, which I foand to be ineffective, and I 
concentrated my attention immediately upon perfecting 
machines for this special purpose. This work consumed 
a number of years, but I finally vanquished all difficulties 
and succeeded in producing a machine which, to explain ita 
operation in plain language, resembled a pump !□ its action, 
drawing electricity from the earth and driving it back into 
the same at an enormous rate, thus creating ripples or dis- 
turbances which, spreading through the earth as through a 
wire, could be detected at great distances by carefully at- 
tuned receiving circuits. In this manner I was able to 
transmit to a distance, not only feeble e£EectB for purposes 
of signalling, but considerable amounts of enery, and later 
discoveries I made convinced me that I shall ultimately suc- 
ceed in conveying power without wires, for industrial pur- 
poses, with high economy, and to any distance, however 
great. 

To develop these inventions further, I went to Colorado 
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ID 189fl, where I contioued my iavestigations atoDg these 
and other lioes, one of which to particular I now consider 
of even greater importance than the transmission of power 
without wires. I constructed a laboratory in the neighbor- 
hood of Pike's Peak. 1'he coaditioos in the pure air of the 
Colorado MouDtatns proved extremely favorable for my ex- 
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periments, and the results were most gratifying to me. I 
found tliat I could not only accomplish more work, physio- 
ally and mentally, than I could in New York, but tliat elec- 
trical effects and changes were more reailily and distinctty 
perceived. A few years ago it was virtually itnpossible to 
produce electrical sparks twenty or tliirty feet long; but I 
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produced aome more than one hundred feet ia length, and 
this withoat difficulty. The rales of electrical movetiienl 
involved in atronR induction apparatus bad measured but 
a few hundred horse-power, and I produced electrical 
movements of rates of one hundred and ten thousand 
horse-power. Prior to this, only iusigniiicant electrical 
pressures were obtained, while I have reached fifty million 
volts. 

The accompanying illustrations, with their descriptive 
titles, taken from an article I wrote for the "Century Maga- 
zine, ' ' may serve to convey an idea of the results I obtained 
in the directions indicated. 

Many persons in my own profession have wondered at 
them and have asked what I am trying to do. But the time 
is not far away now when the practical results of my labors 
witt be placed before the world and their influence felt every- 
where. One of the immediate consequences will be the trans- 
mission of messages without wires, over sea or land, to an 
immense distance. I have already demonstrated, by crucial 
testa, the practicability of signalling by my system from one 
to any other point of the globe, no matter how remote, iind 
I sliall soou couvert the disbelievers. 

I have every reason for congratulating myself that 
throughout these experiments, many of which were ex- 
ceedingly delicate and hazardous, neitlier myself nor any 
of my assistants received an injury. When working with 
these powerful electrical oscillations the most extraordinary 
phenomena uke place at times. Owing to some interfer- 
ence of the oscillations, veritable balls of fire are apt to leap 
out to a great distance, and if any one were within or near 
their patlis, he would be instantly destroyed. A machine 
such as 1 have used could easily kill, in an inatant, three 
hundred thousand persons. I observed that the strain upon 
my assistants was telling, and some of them could not endure 
the extreme tension of the nerves. But these perils are now 
entirely overcome, and the operation of such apparatus, how- 
ever powerful, involves no risk whatever. 

As I was improving my machines for the production of 
inteoBe electrical actions, I was also perfecting the means 



D,n,t,z9dbvGoOgle 



232 Polyphase Electric Currents. 

for observing feeble eSecta. One of the most interesting 
results, and also one of great practical importaDoe, was the 
development of certain contrivances for indicating at a dis- 
tance of many handred miles an approaching storm, its di- 
rection, speed and distance travelled. These applianoes are 



likely to be valuable in future meteorological obserTations 
and surveying, and will lend themselves particularly to many 
naval uses. 

It waa in carrying on this work that for the first time I 
discovered those mysterioua effects which have elicited such 
nousual interest. I had perfected the apparatus referred to 
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BO far that from my laboratory in the Colorado moantains t 
could feel the pulse of the globe, aa it were, noting every 
electrical change that occurred witbin a radiua of eleven 
hundred miles. 

I can never forget the first sensations I experienced when 
it dawned upon me that I had observed Bometbing possibly 
of incalculable consequences to mankind. ' I felt as though 
I were present at the birth of a new knowledge or the reve- 
lation of a great truth. Even now, at times, I can vividly 
recall the incident, and see my apparatus as thoi^h it were 
actually before me. My first observations positively terri- 
fied me, as there was present in them something mysterious, 
not to say supemataral, and I was alone in my laboratory at 
night; but at that time the idea of these disturbances being 
intelligently controlled signals did not yet present itself to me. 

The changes I noted were taking place periodically, and 
with such a clear suggestion of number and order that they 
were not traceable to any cause then known to me. I was 
familiar, of course, with such electrical disturbances as are 
produced by the sun, Aurora Borealis and earth currents, 
and I was as sure as I could be of any fact that these varia- 
tions were due to none of these causes. The nature of my 
experiments precluded the possibility of the changes being 
produced by atmospheric disturbances, as has been rashly 
asserted by some. It was some time afterward when the 
thought flashed upon my mind that the disturbances I had 
observed might be due to an intelligent control. Although 
I could not decipher their meaning, it was impossible for me 
to think of them as having been entirely accidental. The 
feeling is constantly growing on me that I had been the first 
to bear the greeting of one planet to another. A purpose 
was behind these electrical signals; and it was with this 
conviction that I announced to the Aed Cross Society, 
when it asked me to indicate one of the great possible 
achievements of the next hundred years, that it would 
probably be the confirmation and interpretation of this 
planetary challenge to us. 

Since my return to New York more urgent work has con- 
sumed all my attention; but E have never ceased to think o£ 
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those experiences ami of the observations made in Colorado. 
I am ooDstantly eadeavoriog to improve and perfect my ap- 
paratus, and just as soon as practicable I shall again take up 
the thread of my investigations at the point where I have 
been forced to lay it down for a time. 

At t!ie present stage of progress, there would be no in- 
surmountable obstacle in constructing a machine capable 
of conveying a message to Mars, nor would there be any 
great difficulty in recording signals transmitted to us by 
the inhabitants of that planet, if tbey be skilled eleotri- 
cians. Communication once established, even Id the Bim- 
piest way, as by a mere interchange of numbers, tJie prog- 
ress toward more intelligible communication would be 
rapid. Absolute certitude as to the receipt and inter- 
change of messages would be reached as soon as we could 
respond with the number "four," say, in reply to the signal 
"one, two, three." The Martians, or the inhabitants of what- 
ever planet bad signalled to us, would understand at once 
that we bad caught their message across the gulf of space 
and had sent back a res[)onse. To convey a knowledge of 
form by suob means is, while very difficult, not impossible, 
and I have already found a way of doing it. 

What a tremendous stir this would make in the world I 
How soon will It come? For that it will some time be 
accomplished must be clear to every thoughtful being. 

Something, at least, science has gained. But I hope that 
it will also be demonstrated soon that in my experiments in 
tne West 1 was not merely beholding a vision, but had 
caught sight of a great and profound truth. 
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nate Currents. Elvk. Zeitach., xiv. 256. 
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selstrom Hotoren. Elek. Zeitaeh., 1893, p. 519, 
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BlES and Scott. Some Recent Developments in Alternate 

Current Motors. Elec. Review, xxxiii. 583. 
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Ehc. Review, xxxiii. 667 ; xxxiv. 60, 114. 
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1893, Heft. 39. 
KoLBEN. £. Design of Alternating Current Kotors. Elec, 

World (N. Y.), xxii. 284 ; ElectHcian, xxxi. 590, 618. 
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Motors. Elec. Engineer, xi. 377, 403, 433. 
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Current Motor. Electrician, xxz. 604; see also p. 663. 
Arno, B. Rotatory Electric Field and the Rotations due to 
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[Anon.] Recent progress in the Introduction of tbeTriphase 

System (Heilbronn, Novorossik, Hartford). Elec. World 
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Western Elec., xii. 62. 
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Lighting and Power, Ibid., 815. 
EaNNEDY, Bankine. Alternate Current Motors. Elec. 

Revieio, xxxv. 156, 318, 631. 
EssoN, W. B. UonophuBc Motors, Ibid., 317. 
[Anon.J Duncan's Alternate Current Meter. Eiec. RevietB 
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1895 De Baett. Discours inaugural. [Theory of Afiynchronoua 

Polyphase Motors.] Bull. Assoc, dee Inginieurg Mectri- 

dens, vi. 30, March 1895. 
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SCHEDULE OF SOME BRITISH PATENTS BEARING 
ON POLYPHASE AND ALTERNATE-CURRENT 

MOTORS. 



No. 

1886 Wynne 11391 

1887 Coerper 9013 

18S8 Tesla 6481 

Tesla. 650* 

Goolden, Atkinson & Gold 16853 

Wilson 18525 

■8S9 Thomson, E. 6065 

Tesla. 6527 

Dobrowolsky 10933 

Tesla. 19420 

Tesla. 19426 

Dobrowolslcy i9555 

1890 Weaslrom 5423 

Dobrowolsky 13360 

Kennedy 14817 

Kennedy 16889 

Dobrowolsky 20425 

1891 Hutin & Leblanc 584 

Dobrowolsky 3191 

Siemens & Halske. 8151 

Stanley & Kelly. 95" 

Siemens & Halske io6ia 

Siemens & Halske. 10613 

Teria. 11473 

Sahulka 13046 
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Na 

1891 Dobrowolsky i3S^3 

Brain & Arnot 13627 

Bradley, Taylor & McDonald. 16099 

Tesla. 16709 

Siemens& HaUke 18890 

Stanleys Kelly. 30604 

1892 Siemens & Hatslce 360 

Stanley & Kelly. 7504 

Siemens & Halske. 13543 

Hutin & Leblanc '^3765 

Stanley & Kelly. 14056 

Swinburne 16919 

Oerlikon Co 20505 

Brown 21811 

Arnold 23290 

Brown 23902 

Brown 23961 

Brovn 34098 

1S93 Rice 510 

Bradley i6ai 

Lundell & Johnson. 5339 

Lundell & Johnson 534° 

Duncan 6241 

Hutin & Leblanc 12139 

Hutin & Leblanc 1345S 

Kingdon 14664 

Swinburne 16307 

1894 Ries Electric Ca 39S6 

Bradley. 4170 

Bradley 4171 

Ferranti 6458 

Coerper 7239 

Blondel & others. 863$ 

Mordey. 9605 

Rowland ii'^S? 

Kelly & SUnley. 12875 

Langdon-Davies. 19364 

Clark 20141 

Siemens& Halske. 31141 
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No. 

189s Devonshiic (for Gen. El. Co.) - 2914 

DevoDshire " ■< ...— 291 ; 

Devonshire •■ " 1916 

Devonshire " •• ..._._. _. 2917 

Devonshire •• '• 1918 

Ferraris and Aroo. 11117 
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Alternator {see Generator). 
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Analytical Theorj* of Uotois 146 

Angle of Lag (*«r I*g}. 
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Babbage and Herschell, ExperimenU on Magnetic Rotatioiis..... 71, 336 

Bacelti, Experiments on Magnetic RotatiaaB. 71 

Bftck Electromotive-foTce 144, 153, 190 

" " "in Monophase Motor 169 

Badl, F. D., Multiphase Railway Project 237 

Baily, Walter, First Induction Motor 84, m6 

BsttinHce Station 334 

Ba»H.A 335,93,335 

f arftnv'j Bxperimeutfl on Compus Needle 69 

Bast, De. Theory of Monophase Motors 159, 239, 335, 340 

Bathunt, F 337 

BedeU, F. 337 

" " and Ryan 171 

Bdm-Eichenburg 330, 333, 334, 235, 337, 338,339 

BtU, Dr. Louis 137, ^d 
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" " onCoaatancyafSpeed. aoa 

" " OB Weigbt of Motors 209 

Bellegarde, generators at 39 
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Mboa, Plant at 185 
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BIomUI, a. 171, 239 

" end others. Patent of 243 

Blatky, 330, 333 

BockcBheini, Plant at 320 

Boistomnas, A, anAJ , 335 
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Bo*ektrot 315, 235. 338 
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Boys, C. Vernon {see also Guthrie and Boys) 226 
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" " hia Polyphase W<n'lc 91 

" " his Motors 93 

" " hia Patents 91 
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BrauH 232 
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" " his Starting Gear IM 
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Cohen, M. 340 
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" used to Split Phase 150 

Central Stations, Polyphase ai? 

Centrifugals, for Sugar Refineries ai6 

Chasseloup-Laubat, De 336 

Chemnitz, Station at 318 

Ckesney (see Sanity-Kelly), 

Characteristic Curve of Motor 14a 

" " Monophaae Motor 163, 164 

Cboking-coils. 15, 186, 331 

Christie, P., Experiments on Magnetic Rotations 71 
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Clock-diegmn S, 13, 24, a6, 46 

Clarlt'S Patent 343 
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" Rotor 13a 

" Patent 34* 

C<nl for producing Rotatory Field 8l 

Coils, Breadth of aj. 95 

" Overlapping of 3$ 

CoUadon, Eiqteriments on Magnetic Rotatjous 71 
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Cotnbiafttions of Polyphase Currents 43i 49 

" of Magnetic Fields 5^ 

Comtuon Return, Use of 178 

CommuUCor for Imitating Three-phase Currents 79i So 

Concord, Plant at 324 

Condenser, Electrolytic ij7 

Condensers used in Starting 174 

Conductors imbedded in Iron 33 

" in Motor, Length of 191 ei seq. 

in Rotor .' iisrfjjf?., lai 

Constancy of Speed ao2 

of Magnetic Flux 135 

Continuous Current transformed into Alternating 183 

Copper, Saving in, by Use of Polyphase ■ 53 

Core-diaks 33> II3 

Core of Polyphase Transformers 177. t79. 180 

Counter ElectTMnotive-force I44i 'S'. '69, 190 

Crane Motors 19S 

Crank Mechanism 61, 63 

Currents in Rotor 116, i»,T ei se(j., 196 

" " of Monophase Motor 164, 165 

Current in Stator 151, 153, 190 

Curve, Characteristic, ctf Motor 142 

*' " Monophase Uotor 163, 164 



DanieUon, Experiments vith Asynchronous GeneratotB 43, 334 

DeBast (see Bast). 

DepoeU, van 337 

Deprez, Marcel, on Combination of Two Alternating Fields 60 

" " Researches of 87, 336 

Deri, Max 334, 338 

Design of Motors v^ 

Developed Winding 6 

Development of Polyphase Motor 84 

Diagram for Efficiency of Motors 13$ 

Dieudonni 333 

Difference of Phase 11, 18, 30, 333 

DiUmann 333 

Direction of Induced Currents 4, 116 

Distribution of Polyphase Currents 317 

DtAmmolsky {see below). 
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